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CHAPTER 1: INTRODUCTION 
1.1 Eukaryotic Transcription cycle: 
Transcription is at the heart of central dogma of molecular biology. In this step of 
gene expression, the genetic information stored in DNA is transcribed into RNA. In 
eukaryotes, transcription is performed by at least three different RNA polymerases which 
are structurally and functionally related enzymes. These are RNA polymerase I (RNAPI), 
RNA polymerase II (RNAPII) and RNA polymerase III (RNAPIII). RNAPI transcribes the 
ribosomal RNA (rRNA). RNAPII transcribes messenger RNA (mRNA) and a variety of 
non-coding RNA species like small nuclear RNA (snRNA), small nucleolar RNA (snoRNA) 
small interfering RNA (siRNA) as well as micro RNA (miRNA). RNA polymerase III (RNAP 
III) transcribes transfer RNA (tRNA), U6-snRNA and 5S rRNA (Roeder and Rutter 1969). 
Transcription by RNAPII is the primary focus of our laboratory. RNAPII is composed of 
12 subunits. The largest subunit of RNAPII, called Rpb1 is the catalytic subunit. It has a 
carboxyl-terminal domain (CTD) that consists of variable number of heptapeptide repeats 
of sequence YSPTSPS. The number of these repeats varies from 26 in yeast to 52 in 
humans. The CTD can be differentially phosphorylated or dephosphorylated at different 
steps of transcription cycle. CTD serves as a docking site for various transcripton and 
RNA processing factors (Bataille et al. 2012). The RNAPII transcription cycle has 
following four steps: initiation, elongation, termination and reinitiation (Fig.1.1) (Woychik 
and Hampsey 2002; Hahn 2004; Fuda et al. 2009).    
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1.1.1 Initiation:   
This is one of the most well studied steps of the transcription cycle. In budding 
yeast, following receipt of an external or internal signal, the activator binds to the upstream 
activator sequence (UAS) element located in the vicinity of the promoter region. Activator 
assists in recruiting the general transcription factors (GTFs) and RNAPII onto the core 
promoter region (Zawel and Reinberg 1992; He et al. 2013; Murakami et al. 2013). 
Mediator, as the name suggests, serve as a bridge between activator and the general 
transcription macinery (Flanagan et al. 1991). The general transcription factors along with 
the RNAPII assemble to form the pre-initiation complex (PIC) at the promoter. This core 
promoter region that flanks the transcription start-site (TSSs), includes TATA element, 
BRE (TFIIB recognition elements), initiator (INR) elements and downstream promoter 
elements (DPE) (Juven-Gershon et al. 2008). Not all the core-promoter elements are 
found in all genes. Different combination of the core element are present in different genes 
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of an organism. The general transcription factors (GTFs) also known as initiation factors 
binds in a sequential order to execute the initiation step. It starts with the recruitment of 
TFIID, through its TBP subunit, to the TATA box. In some cases, TBP is recruited as the 
part of SAGA complex. This binding of TBP bends DNA to an 80-degree angle in the 
promoter region. This is followed by the recruitment of TFIIB, TFIIA, TFIIF along with 
RNAP II, TFIIE, and TFIIH in that order (Murakami et al. 2013). Successful assembly of 
PIC, however, does not promise transcription initiation. For that the double-stranded DNA 
in the active site of RNAPII has to be melted to expose the single stranded DNA template. 
This melting or unwinding of DNA around the TSS is known as bubble formation, which 
is catalyzed by RNAPII enzyme itself (Shandilya and Roberts 2012). After this step, 
RNAPII catalyzes the transcription of first few nucleotides. Not all the initiation events are 
productive, and there are a lot of abortive transcript of less than 5 nucleotide length. After 
formation of nearly 5-7 nucleotide long transcript, the helicase activity of TFIIH unwinds 
the DNA downstream of the TATA-box thereby extending the bubble and ultimately 
collapsing it (Murakami et al. 2012). Concurrently, the Kin28 subunit of TFIIH, by virtue of 
its kinase activity, phosphorylates the serine-5 of CTD (Lu et al. 1992; Bataille et al. 2012). 
This particular phosphorylation aids in release of RNAPII from the core promoter in a step 
known as promoter escape/clearance. RNAPII enters into the elongation phase following 
promoter escape leaving behind TFIID, TFIIA, TFIIB, TFIIE, TFIIH and Mediator at the 
promoter as a reinitiation scaffold (Hahn 2004; He et al. 2013; Murakami et al. 2013; 
Wong et al. 2014). 
1.1.2 Elongation:  
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As soon as RNAPII transits into elongation phase, promoter-proximal pausing 
takes place with the recruitment of DRB-sensitive inducing factor (DRB) and negative 
elongation factor (NELF). However, this promoter-proximal pausing has not been 
detected in budding yeast (Saunders et al. 2006). Pausing gives time for the recruitment 
of capping enzyme (Pei et al. 2003). In higher eukaryotes, the paused polymerase is 
released by a positive elongation factor (pTEFB), which phosphorylated the serine-2 of 
CTD as well as DRB and NELF subunits thereby weakening their association with 
RNAPII. In yeast, serine-2 phosphorylation is mediated by Ctk1 and Bur1 kinases. One 
of the impediments that RNAPII faces during elongation is backtracking while 
maneuvering AT-rich sequences. The backtracked polymerase is released by TFIIS 
(Adelman et al. 2005; Nechaev and Adelman 2011). During elongation RNAPII can also 
encounter nucleosome barrier. To handle this, cell employs cofactors like ATP-dependent 
remodelers (for example RSC and Chd1), histone modifying enzymes (for example Set1, 
Set2, and HATs), and histone chaperones (FACT and Spt6).  
1.1.3 Termination:  
Elongation culminates in termination of transcription. This is an important step as 
proper termination results in the release of RNAPII from the template that can now be 
recycled back to the promoter for reinitiation. Termination is coupled to cleavage and 
polyadenylation of nascent transcript. Polyadenylation of the 3ꞌ end of the mRNA helps in 
increasing its stability, cytoplasmic export, and translatability (Sachs 1990; Huang and 
Carmichael 1996). Both cleavage/polyadenylation and termination require the same set 
of protein factors and DNA sequence elements. First, endonucleolytic cleavage of the 
nascent RNA takes place, followed by the addition of poly(A) tail to the cleaved 3ꞌ end. 
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But this does not result in termination of transcription as polymerase continues 
transcribing the template. Termination is accomplished with the dissociation of RNAPII 
from the template (Kessler et al. 1995).  
Termination of transcription is an interplay of cis-acting elements and trans-acting 
factors. Cis-acting elements are conserved sequences located in the coding region as 
well as 3ꞌ UTR of the mRNA. They are essential for the 3ꞌ end processing of mRNA 
(Steinmetz et al. 2006). Trans-acting factors are organized into several multiprotein 
complexes (Fig.1.2).  
There are three such complexes that facilitates termination of transcription in 
budding yeast. These are cleavage and polyadenylation factor (CPF) complex, cleavage 
factor 1 (CF1) complex and Rat 1 complex. The CPF complex has 15 subunits; Pta1, 
Ssu72, Fip1, Pfs2, Yhh1, Pap1, Yth1, Ydh1, Ysh1, Pti1, Cft1Glc7, Syc1, Swd2, and Mpe1 
(Minvielle-Sebastia and Keller 1999; Mandel et al. 2008). The CF1 complex has 5 
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subunits; Pcf11, Rna14, Rna15, Clp1, and Hrp1 (Kessler et al. 1996). The Rat1 complex 
has 3 subunits; Rai1, Rtt103, and Rat1 (Zhao et al. 1999). Phosphorylation of serine-2 of 
CTD is crucial for the recruitment of both CF1 and Rat1 complexes at the 3ꞌ end of mRNA. 
Rat1 helps in dissociation of polymerase from the template (Richard and Manley 2009). 
There is a fourth termination complex, the Nrd1 complex, present only in budding 
yeast (Fig.1.2). It consists of three subunits Nrd1, Nab3, and Sen1. This complex often 
participates in termination of transcription of non-coding RNA (ncRNA) (Kim et al. 2006). 
There are, however, reports that it also assists in termination of transcription of some 
protein-coding genes in a poly(A) independent manner (Webb et al. 2014). Similarly, the 
components of CF1 and CPF complex have also been implicated in termination of ncRNA 
synthesis in yeast (Steinmetz and Brow 2003; Wei et al. 2011; Tan-Wong et al. 2012; 
Mischo and Proudfoot 2013). 
1.1.4 Re-initiation:  
Several findings have suggested that there is a crosstalk between initiation and 
termination steps (O'Sullivan et al. 2004; Ansari and Hampsey 2005; Perkins et al. 2008; 
Mapendano et al. 2010). This helps in recycling of RNAPII from the terminator to the 
promoter of the gene for reinitiation of transcription. There are some reports that defective 
termination can lead to inefficient reinitiation thereby adversely affecting the overall 
process of transcription (Mapendano et al. 2010; Al Husini et al. 2013). At the end of 
termination, Fcp1 and Ssu72 phosphatases dephosphorylate RNAPII. This 
hypophosphorylated form of RNAPII can now be used in subsequent rounds of 
transcription (Buratowski 2009). After initiation, some GTFs remain on the promoter as a 
scaffold, which act as a launching pad for reinitiation (Yudkovsky et al. 2000). Gene 
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looping, which is the interaction of the promoter and terminator regions of gene during 
transcription, has been shown to specifically enhance the reinitiation step of transcription 
(Al Husini et al. 2013). 
1.2 mRNA processing: 
Most of the genes in eukaryotes are expressed in the form of pre-mRNAs 
(precursor mRNAs), that have to be further processed to form the mature and functional 
mRNAs. These mature mRNAs are translated into proteins that regulate a multitude of 
cellular activities. The pre-mRNA processing consists of three steps: 5ꞌ end acquisition of 
a capped structure, the splicing out of introns from the body of the pre-mRNA, and 3ꞌ end 
modification by cleavage and polyadenylation. 
The 5ꞌ capping of pre-mRNA takes place when the transcript is about 20 
nucleotides long. This structure was first observed in vaccinia and adenoviruses in vitro 
(Sommer et al. 1976; Furuichi and Shatkin 1977). This is a three step reaction which 
starts with the hydrolysis of the triphosphate at the 5ꞌ end of pre-mRNA to form a 
diphosphate. This is followed by the addition of a GMP moiety from GTP to the first 
nucleotide of pre-mRNA to form an unusual 5ꞌ-5ꞌ triphosphate linkage. Finally, the N7 
position of the transferred GMP is methylated. The cap structure is then recognized by 
CBC (Cap Binding Complex), which contains two proteins; CBP20, and CBP80. The 
capped structure facilitates stabilization of mRNA as it protects transcripts from 
degradation by 5ꞌ to 3ꞌ exonucleases in the cells. In addition, it helps in the transport of 
mRNA from the nucleus to the cytoplasm. The cap structure is also known to help in 
increasing the efficiency of splicing as well as translation of mRNA (Shatkin et al. 1982; 
Furuichi and Shatkin 2000; Shatkin and Manley 2000). 
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Eukaryotic genes differ from their prokaryotic counterparts in having intervening 
non-coding sequences known as introns, which are removed from the nascent transcript 
by the process of splicing. Removal of introns or splicing is an important pre-mRNA 
processing event. RNA polymerase II does not differentiate between the coding (exons) 
and non-coding (introns) sequences when transcribing pre-mRNA. Introns are spliced out 
from pre-mRNA either co-transcriptionally or post-transcriptionally to generate mature 
mRNA. The molecular details of the splicing reaction will be discussed in depth later on. 
The 3ꞌ end formation is the other essential part of the RNA processing which is 
necessary for formation of mature mRNA. This 3ꞌ end formation is a unique process in 
which a string of AMP nucleotides (poly-A) is added to the 3ꞌ end of pre-mRNA. This 
poly(A) tail, which is around 200 nucleotides long in higher eukaryotes but only 60-80 
nucleotide long in budding yeast, is not directly added to the 3ꞌ end of the mRNA. Instead, 
first cleavage of precursor mRNA takes place at the terminator end of mRNA, which is 
then followed by the addition of poly(A) tail to the newly exposed 3ꞌ end. This whole 
mechanism is directed by cis-elements on the pre-mRNA, and trans-acting factors also 
known as cleavage/polyadenylation factors. The site of cleavage is evolutionarily 
conserved in higher eukaryotes and lies between the hexamer AAUAA and downstream 
GU-rich sequence elements which are separated by about 40-60 nucleotides (Steinmetz 
et al. 2006). Once this segment of the pre-mRNA is transcribed, a protein complex known 
as CPSF in mammals is recruited onto AAUAA followed by loading of another multiprotein 
complex called CstF on GU-rich elements. These two complexes stimulate cleavage of 
nascent pre-mRNA at a site which is usually 10-30 nucleotides downstream of AAUAA 
site. After this the poly(A) polymerase is recruited which catalyzes the addition of poly(A) 
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tail to pre-mRNA. In budding yeast, conserved elements AAUAAA is lacking. Instead, 
there is a loosely conserved UA-rich region at the 3ꞌ end that often substitutes the function 
of AAUAAA element (Zhao et al. 1999). Trans-acting cleavage/polyadenylation factors of 
yeast are also different and have been described previously. 
1.3 Introns: 
In the late 1970s, Philp Sharp, and Richard Roberts independently found that late 
genes in adenovirus are interrupted by non-coding regions (Berget et al. 1977; Chow et 
al. 1977). Sharp’s group used a combination of mRNA-DNA hybridization and electron 
microscopy techniques to observe coding DNA regions of the gene hybridizing with the 
cognate mRNA, but non-coding regions being unable to find their complementary partner 
on mRNA extending out in the form of  loops. They called these loops ‘R-loops’.  Walter 
Gilbert coined the term “introns” for the intervening non-coding region of the gene and 
“exon” for the coding part of the gene (Gilbert 1978). Soon afterward, Chambon and 
colleagues discovered the existence of introns in chicken ovalbumin gene thereby 
demonstrating that introns were not unique to viral genes but were present in eukaryotic 
genes as well (O'Hare et al. 1979). In 1993, Philip Sharp and Richard Roberts were 
awarded the Nobel Prize for this important discovery. This finding is considered as a 
paradigm shift in molecular biology as it revealed that the structure of the gene is more 
complicated than expected. 
Most of the genes in higher eukaryotes have introns, while a vast majority of genes 
in lower eukaryotes like budding yeast have no introns. The maximum number of introns 
present within a single gene is 362 in human titin gene. In budding yeast, Saccharomyces 
cerevisiae, only 283 out of about 6000 genes contain introns. In contrast, only 700 out of 
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nearly 25,000 genes to humans are intronless (Spingola et al. 1999; Lander et al. 2001; 
Grate and Ares 2002; Guldener et al. 2005; Hirschman et al. 2006; Juneau et al. 2007; 
Louhichi et al. 2011; Busch and Hertel 2013). The number of introns varies from 8-9 per 
gene in human. In budding yeast, most of the intron-containing genes have one intron per 
gene. In humans, introns have an average length of ~3000 nucleotides, while in budding 
yeast the average length of an intron is around 100-400 nucleotides (Grate and Ares 
2002; Sakharkar et al. 2004; Busch and Hertel 2013). Furthermore, a new class of self-
splicing introns have been also discovered in prokaryotes. 
1.3.1 Classes of intron:  
There are four classes of introns known so far; 1) Group I introns, 2) Group II 
introns, 3) pre-mRNA introns, and 4) introns in tRNA genes. Group I introns are commonly 
known as self- splicing introns, and are found in tRNA, rRNA as well as some protein-
coding genes of eubacteria and fungi, plant mitochondrial and chloroplast organelle 
genes and  nuclear rRNA genes of Tetrahymena (Kruger et al. 1982; Michel and Westhof 
1990). Group II introns also come under the category of self-splicing introns. However, 
unlike group I introns and tRNA introns that need some cofactors for their splicing, it does 
not require any cofactor or enzyme for its removal (Michel and Ferat 1995). RNA itself is 
sufficient to splice out the intron, and that’s why it comes under the category of the 
ribozyme. It has been mostly found in plants and fungal chloroplast and mitochondrial 
protein-coding genes. They are thought to be evolutionarily connected with eukaryotic 
mRNA introns because of the similar splicing mechanism (Sharp 1985; Saldanha et al. 
1993). Group III are the spliceosomal introns which will discussed in details in the later 
sections. Group IV introns are the tRNA intron. All three kingdoms of life, bacteria, 
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archaea, and eukaryotes, contain an intron in their tRNA gene, which are removed by a 
mechanism very different from removal of introns from mRNA (Peebles et al. 1983; 
Phizicky et al. 1986; Reinhold-Hurek and Shub 1992). 
1.3.2 Pre-mRNA intron splicing:   
As discussed above, the accurate and precise splicing out of an intron is essential 
to generate the complete translation competent message.  Unlike group I and group II 
introns, pre-mRNA splicing is more complex and involves the use of an elaborate 
ribonucleoprotein machinery characterized by the presence of snRNA. The splicing 
reaction involves an interplay of the cis-acting sequences known as splicing signals 
present in pre-mRNA, and trans-acting factors that interact with these cis-acting 
sequences. 
1.3.2.a cis-acting sequences:  
Splicing signals consist of specific consensus sequences present on the exon 
intron boundaries and within the intron. The crucial cis-elements include the 5ꞌ splice site, 
a polypyrimidine tract, a branch point, and a 3ꞌ splice site (Breathnach and Chambon 
1981; Guthrie 1991; Stevens and Abelson 2002; Cheng 2015) (Fig.1.3). A close analysis 
of many intron-exon boundaries revealed the consensus mammalian exon-intron 
sequence as shown in (Fig.1.3). The consensus sequences at the intron-exon boundary 
are little different and more conserved in budding yeast (Fig.1.3). Whether in yeast or 
higher eukaryotes, mutation in these consensus sequences have led to splicing defects 
indicating their important role in splicing reaction (Seraphin and Rosbash 1989; Grate and 
Ares 2002; Crooks et al. 2004; Gao et al. 2008; Busch and Hertel 2013).  
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In higher eukaryotes, there are other cis-acting splicing regulatory sequences 
which also play a crucial role in splicing. These are splicing enhancers and silencers 
sequences. Splicing enhancers are the region which promote the splicing at the adjacent 
splice sites by binding to the splicing activators. It can be present on intron (Intronic 
splicing enhancers) as well as exons (exonic splicing enhancers). Similarly, splicing 
silencers are the regions that binds to splicing repressors and reduce the splicing at 
adjacent splice site. It can be also present on exon (exonic splicing silencer) or intron 
(intronic splicing silencer). Mostly they are found in alternative splicing mechanisms in 
higher eukaryotes. 
1.3.2.b Trans-acting factors:  
In addition to the cis-acting elements described above, the splicing reaction 
requires an elaborate protein and ribonucleoprotein machinery that interacts with these 
cis-acting element to accomplish the efficient removal of introns. The ribonucleoprotein 
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complexes required for splicing are composed of hundreds of proteins and five small 
nuclear RNAs (snRNAs); U1, U2, U4, U5 and U6. These ribonucleoprotein complexes 
called ‘small nuclear ribonucleoprotein particles’ or snRNPs, interact with pre-mRNA to 
form a spliceosome, which was discovered by Abelson group in yeast as a 40S particle 
and Philip Sharp and his colleagues in the HeLa cells as a 60S particle (Brody and 
Abelson 1985; Grabowski et al. 1985). 
Research in multiple laboratories has revealed the presence of five snRNPs in 
eukaryoes. They have been designated as U1, U2, U4, U5, and U6 snRNPs. Each snRNP 
is a macromolecular complexes containing a snRNA (two in the case of U4/U6), a 
standard set of seven proteins (B/B’, D3, D2, D1, E, F, and G), and a variable number of 
other proteins. The protein composition of spliceosomes has now been determined in 
humans, flies and budding yeast by mass spectrometry. It varies from about 110 proteins 
in humans and fruit flies to nearly 60 proteins in budding yeast (Fabrizio et al. 2009; Herold 
et al. 2009).  Altogether, nearly 90 proteins have been identified in yeast, whose homologs 
were found in higher eukaryotes, supporting the fact that splicing machinery is 
evolutionarily conserved (Will and Luhrmann 2011). 
1.3.2.c The splicing reaction:  
The mRNA splicing reaction is similar to the Group II intron splicing. The only 
difference is that, unlike group II intron splicing, the reaction requires the spliceosomal 
complex to complete the process (Fica et al. 2013). The molecular design of the 
spliceosome assists in the transesterification reactions by engaging the consensus splice 
site sequences on each intron with the RNA moieties present in the spliceosome to 
reconstruct a catalytic center similar to the one found in group II introns (Guthrie 1991; 
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Sharp 1994; Reed 1996; Wongpalee and Sharma 2014). During splicing, the assembly 
of spliceosomes takes place by the ordered interaction of the snRNPs, pre-mRNA, and 
other proteins across the intron (Fig.1.4).  
In the first step, the recruitment of U1 snRNP on the 5ꞌ splice site and U2 snRNP 
on the branch-point take place (Rosbash and Seraphin 1991; Reed 1996). There is a full  
base pairing between the U2snRNA that is present in U2snRNP and the conserved 
branch point sequence except an adenosine. As a result, this branchpoint adenosine 
bulges out of an intramolecular helix and becomes available for the first nucleophilic 
attack. In the second step, recruitment of U4/U6 and U5 snRNP takes place to form an 
inactive spliceosome structure (Fig.1.4.1). This is followed by a series of rearrangements 
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that include release of U1 and U4 snRNPs and bringing together of two ends of the intron 
close to each other to form an active spliceosomal assembly (Fig.1.4.2).  
At this point, the first transesterification reaction takes place in which the 2ꞌ hydroxyl group 
of the branchpoint adenosine attacks the phosphodiester bond at the exon-5ꞌ splice site 
junction (Fig.1.4.3). This reaction results in a ‘lariat’ structure due to the formation of a 
phosphodiester bond between GU at the 5ꞌ end of intron and the branchpoint adenosine. 
Now the spliceosomal complex contains U6, U5 and U2 snRNPs, a free 5ꞌ exon and intron 
lariat-3ꞌ exon (Nguyen et al. 2015). This complex catalyzes the second transesterification 
reaction in which the free 3ꞌ hydroxyl group of the first exon attacks the phosphodiester 
bond between the 3ꞌ splice site and second exon (Fig.1.4.4). This results in the ligation of 
two exons and release of intron in the form of a lariat structure. After the completion of 
the reaction, spliceosome dissociates and snRNPs remodel themselves to be recycled 
for the next splicing reaction (Grabowski et al. 1985; Lamond 1993; Staley and Guthrie 
1998; Kambach et al. 1999; Nagai et al. 2001; Brow 2002; Nilsen 2003; Sperling et al. 
2008; Meyer and Vilardell 2009; Will and Luhrmann 2011; Matera and Wang 2014; Hang 
et al. 2015; Wahl and Luhrmann 2015).  
1.3.3 Evolution of intron: 
Evolution of intron has always been a very controversial topic among biologists. 
Three standing hypotheses have been put forward by different researchers in order to 
solve this puzzle. These are; “intron early”, “intron first” and “intron late”. According to the 
intron early theory, introns were present in the ‘Last Universal Common Ancestor’ 
(LUCA). During the course of evolution, the introns were lost from archaea and 
prokaryotes but not eukaryotes for the purpose of genome streamlining (Nguyen et al. 
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2005). The intron first theory is substantially similar to the intron early theory except that 
it believes that introns were present even before DNA evolved in an organism that had 
RNA as its genome in ‘RNA only world’ (Jeffares et al. 1998). On the other hand, the 
“intron late theory” claims that there was no intron in any kind of progenitor form to start 
with. Instead introns were gained by the eukaryotes after the LUCA split intro prokaryotes, 
archaea, and eukaryotes. 
 A logical next important question is how introns were gained as proposed in ‘the 
intron late theory’ or lost as has been suggested in ‘the intron early theory’ during 
evolution. Again, several theories have been proposed to answer this divisive question.   
Some of these theories are backed up by experimental evidences as well. To explain gain 
of intron by a gene, five models or hypotheses have been proposed; (A) intron 
transposition, (B) transposon insertion, (C) tandem genomic duplication, (D) intron 
transfer, and (E) self-splicing type II intron (Fig.1.5). The ‘intron transposition hypotheses’ 
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postulates that the spliced out intronic RNA sequence is inserted either to the same 
mRNA at a different position or to a different mRNA species. The mRNA with a newly 
gained intron is reverse transcribed into DNA which then becomes the part of the genome 
by the process of gene conversion (Dibb and Newman 1989). According to ‘transposon 
insertion hypothesis, DNA transposon are the progenitor of intron. A DNA transposon was 
inserted to an intron-less DNA and can then gradually evolved into a spliceosomal intron 
(Crick 1978; Crick 1979; Coghlan and Wolfe 2004; Roy 2004). The ‘tandem genomic 
duplication hypothesis’ states that the coding region having internal AGGT stretch is 
duplicated. The two AGGT sequence elements became new 5ꞌ and 3ꞌ intronic boundaries 
and the sequence within them evolved into an intron (Rogers 1989). The ‘intron transfer 
hypothesis’ postulates that homologous recombination between two paralogous genes, 
one without intron and the other with intron, resulted in insertion of the intron into the 
intron-less gene (Hankeln et al. 1997). According to ‘self-splicing type II intron’ 
hypothesis, spliceosomal introns owe their origin to the self-splicing group II introns. The 
group II intron from the organelle DNA was transferred to the nucleus and inserted into 
an intron-less nuclear DNA. (Cavalier-Smith 1991; Sharp 1991; Stoltzfus 1999). 
To explain the loss of introns from genes during evolution, two models or 
hypotheses have been proposed; (1) replacement model, and (2) deletion model (Fig. 
1.5). According to the ‘Replacement model’, a gene with an intron undergoes transcription 
followed by splicing to form a mature mRNA. The processed mRNA, which no longer 
harbors an intron, is then converted into its cDNA counterpart by reverse transcription. 
This cDNA then replaces its intronic copy of the gene in the genome by homologous 
recombination, thereby creating an intron-less gene. (Bernstein et al. 1983; Lewin 1983; 
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Weiner et al. 1986; Fink 1987; Long and Langley 1993; Derr 1998). According to ‘deletion 
model’, an intron is not lost via its mRNA but it in a more direct process where the genomic 
DNA containing intron is lost during course of evolution (Kent and Zahler 2000; Fedorova 
and Fedorov 2003; Cho et al. 2004). 
It is also possible that during the course of evolution, some organisms lost introns 
while some gained them (Orgel and Crick 1980; Rogers 1989; Hankeln et al. 1997). A 
comparative analysis of sequence, position and distribution of introns among different 
organism and in different genes within an organism lend more support to the ‘intron-loss 
model’ than the ‘intron-gain model’. The intron distribution study among the diverse class 
of eukaryotes has revealed that position of many introns is conserved throughout the 
evolution, which means that the common ancestor had introns and they have been lost 
during the course of evolution. Also in lower eukaryotes, introns exhibit a bias in terms of 
their localization towards the 5ꞌ end of the gene, while they are uniformly distributed 
throughout the gene in higher eukaryotes. This observation is also construed as an 
evidence in support of the intron loss hypothesis (Palmer and Logsdon 1991; Hooks et 
al. 2014). These interpretations, however, are controversial and are interpreted differently 
by different people.  
We are more interested in the intron evolution in budding yeast, which comes 
under the taxonomic group called ‘hemiascomycetes’. It is now believed that there was 
an extensive loss of intron from all the clades of hemiascomycetes during evolution. As a 
result only 5% of the genes in budding yeast have introns now (Neuveglise et al. 2011). 
There is clear 5ꞌ bias of intron location in budding yeast.  A mechanism was speculated 
that probably intron was lost by the reverse transcription of already spliced mRNA to form 
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the cDNA.  This was followed by the homologous recombination between the cDNA and 
the genomic copy of the gene. This process might preferentially remove 3' introns 
because it relies on reverse transcriptase that may be primed to read RNAs starting at 
their 3' end. The source of the reverse transcriptase in the yeast is generally from Ty 
retrotransposons. This hypothesis is supported by some experimental evidence (Boeke 
et al. 1985; Derr et al. 1991; Derr 1998; Sakurai et al. 2002). 
Most of the evidence in support of ‘intron-loss’ model came from comparative  
phylogenetic analysis of introns across the species (Yenerall and Zhou 2012). There is 
not much experimental evidence in support on ‘intron-loss hypotheses. However, the 
intron-gain hypothesis also cannot be completely ignored. Some very recent experimental 
evidence have lend support to the ‘intron-gain hypotheses. It has been found that an 
intron-less gene may acquire intron through transposons (Lee and Stevens 2016). It was 
found that intron can be inserted by the help of transposons in the yeast genes. IN this 
way this can be one of the way by which the introns were gained during the evolution. 
1.3.4 Biological significances of intron:  
Introns are found in most of the eukaryotes. Intron density ranges from a handful 
in the whole genome in fungi to around eight per gene in higher eukaryotes. As discussed 
above, the eukaryotic cells employ an elaborate spliceosomal machinery to remove 
introns from pre-mRNA. The transcription of the intron is costly to the cell in terms of the 
energy as well as time. In the context of energy spending during transcription, 2 ATP 
molecules are consumed for the synthesis of one base pair. This undoubtedly means that 
a considerable amount of energy is spent by cells in transcribing intron. In terms of time, 
RNAPII transcribes RNA at the rate of 60 nucleotides per second. At this rate, it may take 
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even hours to transcribe a long intron (Singh and Padgett 2009). It was, therefore, not 
surprising when it was observed that the largest known human gene, the dystrophin gene, 
takes 16 hours to get transcribed, out of which 15 hours 54 minutes are only devoted to 
synthesizing intronic RNA (Tennyson et al. 1995). Looking at all the investment done by 
the cell in order to transcribe intron-containing mRNA, it seems that introns impose a 
severe burden on the eukaryotic genome. Not only this, impairment of any cis-regulatory 
sequence by mutation or malfunction of any trans-acting factor can lead to detrimental 
effects on the cell.  In fact, it has been assessed that more than 50% of the most common 
human genetic disorders like spinal muscular atrophy, familial dysautonomia, and 
myotonic dystrophy are caused by the disruption of the normal splicing machinery (Lopez-
Bigas et al. 2005; Wang and Cooper 2007). In spite of all these drawbacks, introns were 
retained in most of the eukaryotic organisms during evolution, suggesting that they are 
not 
disposable ‘junk’ sequences, but are playing conserved, fundamental and significant role  
in the cell. 
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A substantial amount of work has been done to elucidate the function of introns 
inside a eukaryotic cell (Fig. 1.6).  
The introns have been assigned many essential functions, like increasing the 
proteomic diversity through alternative splicing, generating new genes through exon 
shuffling, generating small nucleolar RNA (snoRNA) that helps in rRNA processing, and 
coding for microRNAs that help in gene silencing through RNA interference pathway 
(Baskerville and Bartel 2005; Dieci et al. 2009; Rearick et al. 2011; Chorev and Carmel 
2012). Furthermore, introns and their act of splicing via spliceosomes can influence many 
stages of mRNA metabolism like transcription, polyadenylation of mRNA, nuclear export 
of mRNA and the process of translation (Le Hir et al. 2003; Chorev and Carmel 2012). 
Splicing of pre-mRNA involves removal of introns and ligation of exons to form a 
final mature mRNA that is translated to form proteins in the eukaryotic cells. In higher 
eukaryotes numerous mRNA isoforms, that give rise to different proteins, can be 
synthesized from a single gene depending upon the cell’s need and environmental cues 
by a process known as alternative splicing (Nilsen and Graveley 2010). This mechanism 
was first observed in 1980 when it was found that secreted and membrane bound 
antibodies were coded by the same gene (Early et al. 1980). Later, this mechanism was 
found to be present in almost all eukaryotes. A single gene may produce different isoforms 
of a protein in different cell type or during different stages of development in the same cell 
type. The cell and time specific regulation of alternative splicing offers enormous plasticity 
to gene expression, which further increases the proteomic complexities of the cellular 
environment (Kelemen et al. 2013). The disruption of alternative splicing pattern can lead 
to genetic disease (Wang and Cooper 2007; Cooper et al. 2009; Ward and Cooper 2010). 
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Hence, this layer of regulation is tightly regulated inside the cell. An example of precise 
temporal splicing regulation is the recent discovery of microexon which just code of one 
or five amino acids that modulates protein-proteins interaction during neuronal 
differentiations in humans (Irimia et al. 2014). Studies have shown that introns have a 
significant influence on almost every part of mRNA metabolism from its transcription to 
its translation. Intron can influence every step of transcription cycle including initiation, 
elongation, termination and reinitiation (Le Hir et al. 2003; Chorev and Carmel 2012). The 
regulation of transcription which is dependent on the splicing-competent intron is the 
focus of my thesis and will be discussed in detail later. Furthermore, intron can increase 
mRNA stability and export by physically interacting with the cleavage/polyadenylation 
machinery. For example, it was observed in mammalian cells, that U1 snRNP and U2AF 
that are a part of splicing machinery interact with CPSF and poly(A) polymerase 
respectively (Lutz et al. 1996; Gunderson et al. 1997; Vagner et al. 2000). Also, in higher 
eukaryotes, SR proteins, which bind to mRNA during splicing, are known to interact with 
mRNA export proteins thereby facilitating their nucleo-cytoplasmic transport (Ryu and 
Mertz 1989; Sanford et al. 2004; Zhong et al. 2009; Twyffels et al. 2011). There are also 
evidence in support of a role of splicing in translation of mRNA. Exon-junction complex is 
deposited on exons after splicing, which then helps in efficient translation by enhancing 
association of mRNA with ribosomes (Le Hir et al. 2001; Wiegand et al. 2003; Shibuya et 
al. 2004).  
1.3.5 Transcriptional regulation by intron:  
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In eukaryotes, one of the advantages of having intron is their positive influence on 
transcription of the gene harboring them (Fig.1.7). (Mascarenhas et al. 1990; Clancy and 
Hannah 2002; Furger et al. 2002; Lu and Cullen 2003; Jeong et al. 2006; Charron et al. 
2007; Moabbi et al. 2012; Agarwal and Ansari 2016). This transcription enhancement 
potential of introns is a highly conserved feature of intron-containing genes. It has been 
observed in simple eukaryotes like budding yeast and the most complex eukaryotes such 
as mammalian systems including humans. The regulation of transcription by the intron 
can be divided into two broad categories; (1) splicing-independent regulation, and (2) 
splicing-dependent regulation.  
1.3.5.a Splicing-independent regulation:  
This regulation of transcription by an intron is not dependent on the splicing 
competency of the intron. It is unaffected by a mutation or alteration that compromises 
the splicing capability of the intron. This type of regulation by an intron is due to an 
enhancer or a cryptic promoter or a silencer element embedded in the intron (Gasch et 
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al. 1989; Schultz et al. 1991; Whitelaw et al. 1991; Kaneda et al. 1992; Tourmente et al. 
1993; Deyholos and Sieburth 2000; Vitale et al. 2003; Morello et al. 2006; Bianchi et al. 
2009; Beaulieu et al. 2011). Enhancers are short stretches of DNA that can bind to 
activators in order to activate transcription of a particular gene in an orientation and 
position independent manner (Gillies et al. 1983; Williamson et al. 2011). A very well 
characterized example of intronic enhancer elements are µ and k enhancers. These 
intronic sequences are bound by the regulatory proteins and enable transcriptional 
regulation during B cell development by modulating V(D)J rearrangements (Sleckman et 
al. 1996; Kuzin et al. 2008).  
1.3.5.b Splicing-dependent regulation (Intron Mediated enhancement): 
This regulation of transcription by the intron is dependent on the splicing capability 
of the intron. A mutation or rearrangement of the conserved intronic cis element like 5ꞌ 
splice site, 3ꞌ splice site and branchpoint, or trans-acting splicing factors, which adversely 
affects the splicing process, abolishes the transcription regulation potential of intron 
(Mascarenhas et al. 1990; Clancy and Hannah 2002; Furger et al. 2002; Lu and Cullen 
2003; Jeong et al. 2006; Charron et al. 2007; Moabbi et al. 2012).  
In 1979, just two years after the discovery of intron, their effect on gene expression 
was observed in SV40 virus. It was observed that removal of the intervening sequences 
from the viral VP1 gene prevented its expression (Gruss et al. 1979; Hamer et al. 1979). 
Within few years of this observation many researchers found that the cDNA copy of a 
gene was poorly expressed in transfected mammalian cell lines and transgenic plants, 
while inclusion of just one intron in the promoter-proximal region of cDNA construct 
enhanced transcription of the gene by many folds (Brinster et al. 1988; Buchman and 
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Berg 1988; Oard et al. 1989; Vasil et al. 1989; Choi et al. 1991; Palmiter et al. 1991; 
Whitelaw et al. 1991; Ash et al. 1993; Rethmeier et al. 1997; Lacy-Hulbert et al. 2001; 
Bartlett et al. 2009). With more observations pouring from different laboratories, it was 
realized that this effect of intron on transcriptional regulation of genes is a general feature 
of intron-containing genes in a diverse group of eukaryotic organisms (Callis et al. 1987; 
Buchman and Berg 1988; Vasil et al. 1989; Palmiter et al. 1991; Okkema et al. 1993; 
Duncker et al. 1997; Lugones et al. 1999; Zieler and Huynh 2002; Charron et al. 2007). 
This direct effect of introns on transcription of genes that harbor them is known as “Intron-
Mediated Enhancement” of transcription or simply IME.  The term IME was first coined in 
1990 (Mascarenhas et al. 1990). In fact because of this characteristic, introns are 
routinely inserted in the gene constructs as a guarantee for high expression (Choi et al. 
1991; Clark et al. 1993; Donath et al. 1995; Duncker et al. 1997). A group has even 
constructed a hybrid intron having 5ꞌ splice site of adenovirus and 3ꞌ splice site of an 
immunoglobulin G, and observed that even this composite intron can enhance 
transcription of the gene by up to 300 folds in transgenic mice (Choi et al. 1991). Although 
intron-mediated transcriptional regulation has been observed in group of eukaryotic 
organisms that has been investigated so far, the molecular mechanism behind this 
phenomenon is still not properly understood. 
The intron-mediated enhancement of transcription has been studied very well in 
plants (Gallegos and Rose 2015). In 1987, Cynthia Walbot and her group observed the 
stimulatory effect of introns on ADH1 gene expression in cultured maize cells. Since then 
the phenomenon has been observed in a wide ranging group of plant species. (Callis et 
al. 1987; Oard et al. 1989; Vasil et al. 1989; Mascarenhas et al. 1990; Tanaka et al. 1990; 
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Sinibaldi and Mettler 1992; Gallie and Young 1994; Luehrsen and Walbot 1994; Xu et al. 
1994; Donath et al. 1995; Vain et al. 1996; Rethmeier et al. 1997; Clancy and Hannah 
2002; Rose 2004; Jeong et al. 2006; Bartlett et al. 2009; Parra et al. 2011; Rose et al. 
2011). Furthermore, it was observed that introns often contribute to tissue specific 
expression of the genes in plants (Gallie and Young 1994; Bolle et al. 1996; Jeong et al. 
2006). The detailed studies have revealed that the intron-mediated enhancement is more 
common in monocots than dicots (Vasil et al. 1989; Sinibaldi and Mettler 1992). It was 
also observed that up to 75% of the sequence within the intron can be deleted from the 
maize ADH1 gene without effecting its splicing and transcription enhancement potential 
suggesting that only sequences essential for splicing are necessary for transcriptional 
regulation (Luehrsen and Walbot 1994). A number of studies, however, suggest that there 
could be dispersed sequences in intron, other than splicing signals, which may be 
essential for increasing the efficiency of the transcription (Clancy and Hannah 2002; 
Jeong et al. 2006). The generally accepted view, however, is that it is not the intronic 
sequence but the splicing potential of intron that is the most significant contributor to the 
transcription regulation potential of an intron (Rose and Beliakoff 2000; Rose 2002).  
In budding yeast, out of nearly 6000 genes only about 283 contain introns (Ares et 
al. 1999; Lopez and Seraphin 1999; Spingola et al. 1999). A vast majority of intron-
containing yeast genes contain a single intron. Only 6 out of the 283 genes have more 
than one intron, while only one gene contain three introns (Schreiber et al. 2015). 
Furthermore, yeast introns are much smaller in size compared to their higher eukaryotic 
counterparts. The average size of yeast introns is 100-400 nucleotides (Mattick 1994; 
Spingola et al. 1999). In contrast, mammalian introns have an average length of about 
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3000 to 5000 nucleotides (Busch and Hertel 2013). Unlike higher eukaryotes, the event 
of alternative splicing is also rare in budding yeast and most of the introns are 
constitutively spliced (Ast 2004; Hossain et al. 2011). Although only about 3.8% of genes 
in yeast contain intron, they account for nearly 27% of the mRNA that is produced in 
exponentially growing yeast cells (Ares et al. 1999). The majority of genes that contains 
intron in budding yeast are ribosomal protein genes. The intron-containing ribosomal 
protein genes accounts for nearly 24% of the total cellular RNA (Spingola et al. 1999). 
The intron-containing genes, on average, produce 3.7 times more mRNA than genes 
without introns (Juneau et al. 2006). A comparison of the active RNAPII molecules 
present on intron-less and intron-containing genes was done in budding yeast to gauge 
the direct effect of intron on transcription of the gene. The RNAPII density was almost 
twice more on intron containing genes than on transcriptionally active intron-less genes. 
Accordingly, the transcription rate of intron-containing genes was found 2.5 times more 
than that of intron-less genes (Pelechano et al. 2010). That clearly indicates that all intron 
containing genes of yeast are highly transcribed. Davis and group found that removal of 
intron from ACT1, GLC7 and PRE3, which are the intron-containing yeast genes, resulted 
in reduction of their transcription (Juneau et al. 2006). Loss of intron from GLC7 also 
conferred a slow growth phenotype (Juneau et al. 2006). Furthermore, a genome-wide 
analysis has revealed that the intron-containing ribosomal protein genes are often post-
transcriptionally regulated by introns (Parenteau et al. 2011). A better way of monitoring 
the direct effect of introns on transcription is by observing their effect on nascent 
transcription of the gene by transcription run-on assay. A direct effect of introns on 
transcription of ribosomal protein genes has never been done and needs further 
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investigation. Proudfoot group examined the direct effect of intron on transcription of a 
gene by TRO assay in budding yeast. They found that the remove intron from two genes, 
ASC1 and DYN, reduced their nascent transcription (Furger et al. 2002). They further 
showed that this effect of intron on transcription was dependent on their splicing 
competency, thereby clearly demonstrating that it is truly a case of intron-mediated 
enhancement of transcription or IME (Furger et al. 2002). These studies altogether 
indicate the importance of intron in regulating transcription of a minority of intron-
containing genes in budding yeast.  
The intron-mediated enhancement can depend upon its sequence, its length, and 
its position in the gene. As mentioned above intronic splice sites are important sequences 
that play a vital role in intron-mediated enhancement. Experimental analysis with plant 
introns failed to find any other consensus motif except for splice sites that could play a 
role in intron-mediated enhancement (Rose 2008). However, an extensive computational 
study done with plant introns was able to identify a consensus motif in Arabidopsis and 
rice that was exclusively present in stimulatory introns. In fact, an IMEter (Intron-mediated 
enhancement-ter) algorithm has been created, which uses this sequence motif as a 
reference to predict the enhancement potential of a given intron (Morello et al. 2011; Parra 
et al. 2011). It might be possible that the intronic sequence forms a secondary structure, 
which can be crucial for its transcription enhancement potential. The secondary structure 
prediction computer programs, however, have failed to find any such kind of shared 
conserved or distinct RNA secondary feature among introns that could be associated with 
their transcription regulatory potential (Rose et al. 2008). 
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 It has been observed that on an average the first intron is longer than the other 
introns within a gene in humans, fruit-fly, mice and Arabidopsis, but their effect on 
transcription is not very clear (Marais et al. 2005; Chung et al. 2006; Gaffney and 
Keightley 2006; Jeong et al. 2006; Kalari et al. 2006; Bradnam and Korf 2008). In budding 
yeast, it has been demonstrated that genes with longer introns are more highly expressed 
than the genes with shorter introns (Juneau et al. 2006). The higher transcription 
enhancement potential of a longer intron could be because they are conserved more 
during the evolution (Marais et al. 2005; Park et al. 2014). The role of length of intron on 
its transcription regulatory potential, however, needs a more thorough scrutiny.  
The position of the intron with respect to the promoter and terminator region plays 
a crucial role in regulating the transcription of the gene. It is generally believed that the 
transcription enhancement potential of an intron is maximum when it is in close proximity 
of the promoter, and is inversely proportional to its distance from the promoter within the 
gene (Palmiter et al. 1991; Jonsson et al. 1992; Donath et al. 1995; Rose and Last 1997; 
Jeon et al. 2000; Rose 2004; Jeong et al. 2006) (Fig.1.8).  Accordingly, insertion of a 
single intron in the promoter-proximal region in the cDNA constructs resulted in an 
increase in the transcriptional efficiency of the gene (Brinster et al. 1988; Palmiter et al. 
1991; Charron et al. 2007). Out of 286 intron-containing genes of budding yeast, 120 
have introns within 40 base-pairs of the start codon (Ares 1999). Also the most of the 
genes in eukaryotes have the intron in the 5ꞌ end (Sakurai et al. 2002; Lin and Zhang 
2005). In plants also, transcription enhancement potential of intron has been found 
inversely proportional to its distance from the promoter. A systematic study done by 
Cynthia Walbot group with cultured corn cells demonstrated that the enhancement by the 
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intron is maximum when it is near to the promoter, and decreases gradually as the 
distance of the intron from the promoter increases (Callis et al. 1987). They were, 
however, surprised to find that though an intron in the middle of the gene could hardy 
enhance transcription, a terminator-proximal intron regained the transcription 
enhancement capability. The effect of the intron on transcription when placed near the 
terminator, however, was not as strong as when it was near the promoter (Callis et al. 
1987). Most of the studies done till now have tried to elucidate the mechanism underlying 
the enhancement of the transcription in the presence of promoter-proximal intron and 
have completely ignored the enhancement by the terminator-proximal intron. Proudfoot 
group examined transcription of DYN2 gene, which is one of the few yeast genes with 
two introns, one near the promoter and the second near the terminator (Furger et al. 
2002). They investigated the effect of both the introns on the transcription of the gene. As 
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expected, the there was a drastic reduction of transcription upon removal of promoter-
proximal intron. The removal of terminator-proximal intron also resulted in decreased 
transcription, though to a lesser extent compared to that observed upon removal of 
promoter-proximal intron (Furger et al. 2002). More studies are needed to elucidate the 
role of terminator-proximal intron in transcription in eukaryotes.  
1.3.5.a.1 Mechanism of Intron-mediated enhancement:  
As discussed before, Intron can influence every step of transcription cycle 
including initiation, elongation, termination and reinitiation. It is now well established that, 
for most parts, transcription and splicing are coupled processes. Most of the promoter-
proximal introns are spliced cotranscriptinally. Many studies have supported the fact that 
transcription stimulates efficient splicing inside the cell (Ghosh and Garcia-Blanco 2000; 
Fong and Bentley 2001; Das et al. 2006). During transcription, carboxy-terminal domain 
of RNAPII acts as docking site to recruit the splicing factors that help in facilitating 
cotranscriptional splicing. (Zeng and Berget 2000; Neugebauer 2002; Millhouse and 
Manley 2005; Hicks et al. 2006) . However, many studies strongly suggest that there is a 
reciprocal relationship between splicing and transcription. Transcription stimulates 
splicing and in turn, splicing also facilitates the transcription process (Fong and Zhou 
2001; Furger et al. 2002; Kwek et al. 2002; Manley 2002). In fact, a splicing competent 
intron can stimulate transcription in multiple ways. An intron can directly affect the 
transcription cycle at initiation, elongation, termination and reinitiation steps (Fong and 
Zhou 2001; Tian 2001; Kwek et al. 2002; Das et al. 2006; Das et al. 2007; Damgaard et 
al. 2008; Jobert et al. 2009). The intron can also affect transcription cycle indirectly by 
influencing chromatin structure (Bieberstein et al. 2012). Many groups have tried to 
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elucidate the mechanism by which a promoter-proximal intron can influence transcription 
initiation. In 2001, it was reported that U1 snRNP physically interacts with RNAPII (Tian 
2001). This interaction could potentially help coordinate splicing with transcription. Just 
after one year, it was found that U1 snRNP specifically associates with cyclin H subunit 
of TFIIH and stimulates the rate of transcription (Kwek et al. 2002). In fact, this group also 
found that the promoter-proximal splice site improves efficiency of transcription by 
facilitating reinitiation. In the same year, using an HIV mini-gene construct, it was shown 
that the 5ꞌ splice site can enhance nascent transcription of a gene in mammalian cell lines 
(Kwek et al. 2002). In 2008, Terben Jensen group showed that promoter-proximal splice 
site can stimulate transcription by enhancing the recruitment of general transcription 
factors TFIIH, TFIID and TFIIB on the promoter of the beta-globin and HIV-1 genes 
thereby enhancing the transcription of the gene (Damgaard et al. 2008).  
Introns have also been found to stimulate transcription at the elongation step by 
increasing the processivity of RNAPII.  Many independent studies have shown that U1 
snRNPs, SKIP, SC35, which are splicing factors stimulate transcription elongation by 
interacting with various elongation complex and factors (Fong and Zhou 2001; Bres et al. 
2005; Lin et al. 2008) . Introns have also been shown to affect transcription elongation by 
affecting chromatin structure. The H3K36-3Me mark has been found enriched in intron 
containing than intron-less genes (de Almeida et al. 2011). This mark is specifically 
associated with elongation of transcription.  
Introns are also found to effect the early steps of transcription by altering chromatin 
structure near the 5ꞌ end of a gene. It was found that introns can stimulate transcription 
by promoting the ordered assembly of nucleosome array near the promoter in transgenic 
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mice (Liu et al. 1995). Later, an extensive ChIP-Seq analysis revealed that activating 
histone modifications like H3K4me3 and H3K9ac marks, which assist in recruiting general 
transcription factors to the promoter, were present in the promoter-proximal region as well 
as first exon-intron boundaries (Bieberstein et al. 2012). These marks were significantly 
reduced upon increase in distance of the intron from the promoter element. These 
observations are consistent with an independent study by Terben Jensen group that 
found similar results (Damgaard et al. 2008). This effect of intron on chromatin structure 
was found completely dependent on the splicing competency of the intron. 
How the terminator-proximal intron facilitates transcription, however, is not clear. 
Studies with cultured mammalian cells have found that the 3ꞌ splice site of the terminator-
proximal intron had an adverse effect on H3K36me3, which is a chromatin mark normally 
associated with transcription elongation, and needs to be removed to facilitate termination 
of transcription. It was observed that a mutation in the 3ꞌ splice site of terminator-proximal 
intron in  beta-globin gene caused enrichment of this mark in the 3ꞌ region of the gene, 
which is expected to inhibit termination leading to overall lowering of transcription (Kim et 
al. 2011). Many studies have pointed out the positive effect of terminator-proximal intron 
on transcription by aiding in the mRNA processing mechanism. Proper polyadenylation is 
needed for efficient termination of transcription as well as for mRNA export, stability, and 
translation (Niwa et al. 1990; Nesic et al. 1993; Dye and Proudfoot 1999; Vagner et al. 
2000; McCracken et al. 2002). However, more studies are needed to unravel the role of 
terminator-proximal intron in regulation of transcription.  
It is quite evident now that intron-mediated enhancement of transcription could be 
a very crucial but a rather unappreciated function of introns in eukaryotic systems. Most 
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of the intron-containing genes in eukaryotes exhibit higher expression than non-intronic 
genes (Comeron 2004; Juneau et al. 2006; Shabalina et al. 2010). However, not all 
introns can stimulate transcription and also some naturally occurring genes do not contain 
intron but are expressed efficiently. Some of the transgenes failed to express even in the 
presence of intron (Pasleau et al. 1987; Brinster et al. 1988; Malim et al. 1988). It has 
been proposed that in the absence of the intron the gene has a very strong promoter that 
can help in activating transcription (Huang and Liang 1993). Also, some of the highly 
expressed genes like H2A and hepatitis B virus genes have cis-acting elements that 
appears to function like introns (Huang and Liang 1993; Huang and Yen 1995; Liu and 
Mertz 1995; Huang et al. 1999). However, more studies are needed to completely 
understand the mystery behind this mechanism. 
1.4 Gene looping:  
Many studies have demonstrated that in eukaryotes, following initiation of 
transcription, the promoter and terminator regions of a gene physically interact to form a 
looped structure (O'Sullivan et al. 2004; Ansari and Hampsey 2005; Singh and Hampsey 
2007). This phenomenon, generally referred to as gene looping, occurs in a transcription-
dependent manner (Fig.1.9). Gene loop is the consequence of crosstalk between the 
promoter and terminator bound proteins (O'Sullivan et al. 2004; Perkins et al. 2008; 
Henriques et al. 2012; Jash et al. 2012; Crevillen et al. 2013). This phenomenon was first 
observed in budding yeast, and was later reported in many higher eukaryotes (O'Sullivan 
et al. 2004; O'Reilly and Greaves 2007; Perkins et al. 2008; Tan-Wong et al. 2008; Yun 
et al. 2009). For instance, polo gene of fruit flies was found to form gene loop during 
transcription; FLC have been shown to form gene loop in plants; BRC1, HIV provirus, 
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MMP13, CD68, beta-globin, and progesterone receptor genes were found to be in looped 
conformation during transcription in mammalian cells (O'Reilly and Greaves 2007; 
Perkins et al. 2008; Tan-Wong et al. 2008; Yun et al. 2009; Tan-Wong et al. 2012). Other 
than these aforementioned genes, some more genes have been found to exhibit 
promoter-terminator interaction. For instance, type II collagen coding gene col2a1 
showed interaction of the promoter with 3ꞌ UTR. However, this was not a true gene loop 
as the promoter-terminator interaction was due to the presence of an enhancer element 
in 3ꞌ UTR region (Jash et al. 2012).  Enhancers are known to interact with the promoters 
so it is not clear whether this interaction is a promoter-terminator or enhancer-promoter 
interaction. 
As mentioned before, gene loop is formed due to interaction of the promoter-bound 
factors with the terminator-bound proteins. Gene looping is dependent on both trans-
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acting factors and cis-acting elements. The trans-acting factors required for gene loop 
formation are general transcription factors TFIIB and TFIIH (O'Sullivan et al. 2004; El 
Kaderi et al. 2009; Medler et al. 2011; Henriques et al. 2012; Medler and Ansari 2015) . 
In addition to GTFs, the 3ꞌ end processing factors are also required for efficient gene 
looping. Studies have revealed that gene looping is dependent on 3ꞌ end processing 
factors such as Rna14, Rna15, Clp1, Hrp1, Pcf11 and Pap1 subunits of CF1 complex; 
Ssu72 and Pta1 subunits of CPF complex; as well as Rat1 complex in budding yeast 
(Ansari and Hampsey 2005; El Kaderi et al. 2009; Medler et al. 2011). The cis-acting 
elements such as the promoter element and termination signal are also necessary for the 
gene looping as mutation in these elements adversely affect gene looping (Perkins et al. 
2008; Tan-Wong et al. 2012). 
 Chromatin Immunoprecipitation experiments have demonstrated that many GTFs 
and termination factors crosslink to the promoter as well as terminator region of a 
transcribing gene. For example, TFIIB, TFIIH subunit Kin28, Mediator subunit Srb5 and 
subunits of CF1 and CPF complexes have been shown to crosslink to both the ends of a 
gene (El Kaderi et al. 2009; Mukundan and Ansari 2013; Medler and Ansari 2015). 
Mutations in TFIIB and TFIIH subunits, which did not affected their promoter occupancy 
but impaired their localization to the 3ꞌ end of genes, adversely affected gene looping 
(Singh and Hampsey 2007; Medler and Ansari 2015). An unexpected finding was that all 
these mutations in the general transcription factors that caused a looping defect adversely 
affected the termination step of transcription (Singh and Hampsey 2007; Medler and 
Ansari 2015). In fact, TFIIB was found in a mega-complex with poly(A) polymerase and 
subunits of CF1 termination complex (Medler et al. 2011). 
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Various potential biological roles of gene looping have been proposed. For 
example, gene looping has been implicated in transcription activation, re-initiation of 
transcription, transcription repression, termination of transcription, transcription memory, 
preventing transcription interference, alternative poly(A) site selection  and promoter 
directionality (El Kaderi et al. 2009; Tan-Wong et al. 2009; Hampsey et al. 2011; 
Henriques et al. 2012; Tan-Wong et al. 2012; Al Husini et al. 2013; Medler and Ansari 
2015; Lamas-Maceiras et al. 2016). 
One of the focus of our lab is to understand the molecular basis underlying 
transcriptional enhancement through gene looping in budding yeast. Most of the intronic 
genes are known to be highly expressed in budding yeast. Whether intron activates 
transcription through gene looping is the focus of this study. For intron-less genes, it has 
been shown that activator enhances transcription through gene looping. In a looping 
defective strains, there was a kinetic lag in transcription despite the presence of the 
activator. However, more studies are needed to establish it as a general phenomenon (El 
Kaderi et al. 2009). 
In a few cases, gene looping has been shown to repress transcription by bringing 
repressor sequences located at the 3ꞌ end of gene in close proximity to the promoter 
element. A study in Drosophila demonstrated that gene looping activates upstream polo 
gene transcription whereas represses the transcription of the downstream snap gene 
(Henriques et al. 2012). Studies have shown that multiple gene loops can both enhance 
or repress transcription of a gene. For example, in BRC1, the four loop structure 
suppresses while three-loop structure activates the transcription of the gene (Tan-Wong 
et al. 2008). A role of gene looping in maintenance of transcriptional memory has been 
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deomonstrtaed in yeast (Laine et al. 2009; Tan-Wong et al. 2009). They have suggested 
that the rapid activation of transcription is associated with looping dependent short term 
transcriptional memory. Not only this, gene looping plays a crucial role in reinitiation of 
transcription, thereby increasing the efficiency of transcription (Al Husini et al. 2013). In 
this process, gene loop probably couples the termination event to the reinitiation event 
that results in recycling of RNAPII. This event is necessary to bypass the rate limiting step 
of de novo recruitment of RNAPII on the promoter in every round of transcription cycle. 
Recently, a correlation between alternative gene loops and alternative poly(A) site 
selection was observed (Lamas-Maceiras et al. 2016). Thus, gene looping may also affect 
terminator-site selection. Gene looping has also been found to enhance transcription 
directionality in budding yeast (Tan-Wong et al. 2012; Al Husini et al. 2013). However, the 
molecular basis behind this phenomenon is still not understood and is the focus of the 
third chapter.  
1.5 Directionality: 
The eukaryotic genome is well compacted with nucleosomes. The promoter and 
terminator regions of a gene, however, are depleted of nucleosome. The transcription 
initiates from the nucleosome depleted regions (NDR) localized around the promoter at 
the 5ꞌ end of the gene. The transcription machinery is assembled on this region and give 
rise to the mRNA (Core et al. 2008). With the advent of modern technologies like 
sequencing and microarray analysis, it is now evident that eukaryotic promoters are 
pervasively transcribed. The promoter-initiated transcription in the downstream direction 
produces mRNA. The transcription in upstream direction produces a type of non-coding 
RNA (ncRNA) known as upstream anti-sense RNA (uaRNA) (Trinklein et al. 2004; 
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Koyanagi et al. 2005; Core et al. 2008; Preker et al. 2008; Seila et al. 2008; Neil et al. 
2009; Wang et al. 2009; Xu et al. 2009). A vast majority of eukaryotic promoters of protein 
coding genes are divergently transcribed in this manner producing mRNA in the 
downstream direction and uaRNA in the upstream direction. Such promoters are known 
as bidirectional promoters and generally reside in 110-250 nucleotides long nucleosome 
free region (Mito et al. 2005; Yuan et al. 2005; Albert et al. 2007; Ozsolak et al. 2007; 
Core et al. 2008; Mavrich et al. 2008; Neil et al. 2009; Seila et al. 2009; Xu et al. 2009; 
Almada et al. 2013; Ntini et al. 2013; Andersson et al. 2015; Duttke et al. 2015; Scruggs 
et al. 2015). The bidirectional promoter has two oppositely oriented unidirectional core 
promoter units (Fig.1.10). One is specific for the transcription of mRNA while the other for 
transcription of uaRNA (Almada et al. 2013; Ntini et al. 2013; Andersson et al. 2015). 
Genomewide analysis has revealed that transcription initiates from both these 
unidirectional promoters almost simultaneously (Core et al. 2008). Transcription in the 
upstream antisense direction stops when uaRNA is merely a few hundred nucleotides 
long, while transcription of mRNA in the downstream direction continues till the 
polymerase reaches the 3ꞌ end of the gene (Almada et al. 2013; Ntini et al. 2013; 
Andersson et al. 2015). 
 These studies suggest that there are mechanisms in place in the cell to keep 
transcription of uaRNA under check and allow transcription of mRNA thereby conferring 
promoter directionality. 
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Most uaRNAs are short and degraded immediately after transcription by the RNA 
surveillance machinery of the cell. This type of short-lived non-coding uaRNA is called 
‘Cryptic Unstable Transcripts’ (CUTs) in yeast, ‘Promoter Upstream 
Transcripts’ (PROMPTs) in mammals, and ‘Upstream Non-coding Transcripts (UNTs) in 
plants (Wyers et al. 2005; Chekanova et al. 2007; Jacquier 2009; Xu et al. 2009; Preker 
et al. 2011). In yeast some species of uaRNA are relatively more stable and are therefore 
referred to as ‘Stable Unannotated Transcripts’ (SUTs) (Xu et al. 2009; Marquardt et al. 
2011). PROMPTS are 500-2500 nucleotides long, while CUTS and SUTs are short in 
length ranging from 200-600 nucleotides (David et al. 2006; Preker et al. 2008; Flynn et 
al. 2011; Preker et al. 2011; Ntini et al. 2013). Majority of the CUTs, SUTs and PROMPTs 
are 5ꞌ capped as well as polyadenylated at 3ꞌ ends (LaCava et al. 2005; Preker et al. 
2011). CUTs and PROMPTs are generally degraded by exosomes (Preker et al. 2008; 
Neil et al. 2009; Xu et al. 2009).  
In budding yeast, ncRNA that includes uaRNA is degraded by the exonuclease or 
endonuclease components of the RNA surveillance machinery (Neil et al. 2009; Xu et al. 
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2009). It is generally believed that the uaRNA transcription is terminated by Nrd1-Nab3-
Sen1 complex in budding yeast (Mischo and Proudfoot 2013; Schulz et al. 2013; 
Grzechnik et al. 2014). This complex binds to the 5ꞌ end of uaRNA and recruits the 
TRAMP complex, exosome and Rrp6 exonuclease which helps in the degradation of the 
uaRNA (Vasiljeva and Buratowski 2006; Grzechnik et al. 2014). Some studies have also 
suggested that the components of the poly(A)-dependent termination machinery (CF1, 
CPF and Rat1 complexes) also degrade at least some of the uaRNAs (Steinmetz and 
Brow 2003; Tan-Wong et al. 2012; Al Husini et al. 2013; Mischo and Proudfoot 2013; 
Grzechnik et al. 2014). Several checkpoints exist in the cell to prevent transcription of 
uaRNA. They include: (1) presence of specific sequence signals that might help in the 
recruitment of termination factors for uaRNA transcription termination, (2) differential 
chromatin modification marks in the promoter upstream and downstream region to 
facilitate mRNA transcription and keep uaRNA transcription in check, (3) 3-D architecture 
of the gene acquired during transcription, that is, gene looping that has been shown to 
affect promoter directionality. 
A very simple way to inhibit any kind of transcription inside the cell is by termination 
followed by RNA degradation. Presence of almost equal level of the general transcription 
factors on divergent promoters indicates that the antisense RNA level is not regulated at 
the level of initiation but at the late elongation and the termination steps in mammalian 
cells (Core et al. 2008; Neil et al. 2009; Flynn et al. 2011; Richard and Manley 2013). 
Genomewide analysis has revealed asymmetric distribution of poly(A) sites (PAS) 
required for termination, and U1-binding site that have the sequence of 5ꞌ splice site and 
binds U1-snRNA in the promoter-proximal region of most RNAPII-transcribed genes in 
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mammalian cells (Almada et al. 2013; Ntini et al. 2013). In the promoter upstream region, 
there are more poly(A) sites and relatively few U1-sites. In contrast, very few poly(A) sites 
were observed in the promoter downstream region of genes. There was, however, 
enrichment of U1-sites in the promoter downstream coding region.  As mentioned before, 
poly(A) sites can recruit the termination machinery on RNA and can initiate termination of 
transcription, whereas U1-sites can recruit the U1-snRNP complex that neutralizes the 
nearby poly(A) site by suppressing the recruitment of termination factors within its 1 kbs 
vicinity (Langemeier et al. 2013). A higher concentration of U1-sites in the promoter 
downstream coding region is able to suppress termination there thereby facilitating mRNA 
synthesis. In the promoter upstream region, however, the poly(A) sites are able to recruit 
termination factors leading to termination of uaRNA synthesis. Thus, an asymmetric 
distribution of poly(A) sites and U1-sites play a crucial role in enhancing transcription 
directionality in mammalian systems (Neil et al. 2009; Almada et al. 2013) (Fig.1.11). In 
budding yeast, however, there is no such asymmetrical distribution of poly(A) sites and 
U1-sites in the promoter-proximal region.   
The Nrd1 complex has been found essential for the termination of transcription of 
at uaRNA in the yeast cells (Mischo and Proudfoot 2013; Schulz et al. 2013; Grzechnik 
et al. 2014). It has been shown that depleting this complex leads to the loss of promoter 
directionality (Schulz et al. 2013). Also, the Nrd1 binding sites are more frequently found 
in the uaRNA than the mRNA (Vasiljeva and Buratowski 2006). The role of Nrd1 in 
termination of uaRNA on a genomewide scale, however, has not been demonstrated. On 
the contrary, there are reports that poly(A)-dependent termination machinery is also 
involved in termination of at least a subset of uaRNA species.    
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The other feature that might be promoting directionality is the presence of 
differential chromatin modification marks in the promoter proximal region. Presence of 
active chromatin modification mark on downstream region of bidirectional promoter can 
selectively promote the transcription of mRNA over uaRNA. A study done with 
mammalian bidirectional promoters has demonstrated the presence of an active 
elongation mark, H3K79me2, only on the downstream of promoter region (Seila et al. 
2009). Likewise, H3K4me3, which is another elongation mark, has been found 
preferentially in the promoter-downstream region, while H3K4 mono-methylation mark, 
which is an enhancer mark, is found more on the upstream side of the promoter(Scruggs 
et al. 2015). The H3K27 acetylation is another histone modification that exhibits 
asymmetric modification pattern in the promoter proximal region of a subset of genes in 
murine macrophages (Scruggs et al. 2015). The promoter upstream region of at least 
some genes exhibit higher signal for H3K27 acetylation compared to the downstream 
region. In yeast also there is asymmetric distribution of chromatin marks in the promoter 
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upstream and downstream regions. The H3K4-mono and dimethylation as well as H3K36 
trimethylation marks, which favor elongation of transcription, are preferentially located in 
the promoter downstream region (Rando and Chang 2009). Whether this asymmetric 
distribution of H3K4 and H3K36 methylation pattern affect promoter directionality is 
unclear and needs further investigation. The differential distribution of histone 
modification marks may be playing a very vital role in regulating the elongation of RNAPII. 
In budding yeast, chromatin modifier Rpd3S deacetylase was found critical for 
maintaining promoter directionality on a subset of genes (Churchman and Weissman 
2011). This complex is normally recruited on the coding region by RNAPII to remove 
histone acetyl marks.  It was observed that deletion of Rco1 subunit of Rpb3S complex 
enhanced divergent transcription on some promoters (Churchman and Weissman 2011). 
These findings were, however, contradicted, by another study that showed that Rco1 
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inhibits 3ꞌ initiated anti-sense transcription but not 5ꞌ initiated anti-sense RNA synthesis 
(Tan-Wong et al. 2012).  
Another significant mechanism that can confer promoter directionality is the 3D 
conformation acquired by the gene during the transcription. It is now evident that the 
promoter and the terminator of the gene can physically interact to acquire a looped 
conformation during activated transcription. Studies have demonstrated that gene looping 
can provide promoter directionality to budding yeast (Tan-Wong et al. 2012; Al Husini et 
al. 2013) (Fig.1.12). It was observed that there was an increased synthesis of promoter-
derived uaRNA relative to mRNA in the looping defective mutants in budding yeast. The 
pertinent question that remains to be answered is the functional relevance of these 
promoter-derived uaRNA in eukaryotic cells. Studies are needed to find out whether there 
is any function assigned to these uaRNA or they are just a part of transcriptional-noise 
inside the cell. Presence of RNA surveillance machinery inside the cells strongly supports 
that their existence can be harmful to the cell. The absence of RNA quality control system 
in Giardia lamblia, leading to the majority of promoter showing strong bidirectional 
transcription, indicates that the non-coding uaRNA might be functional (Teodorovic et al. 
2007). Still more studies are needed to gain insight into the mechanism responsible for 
providing promoter directionality and also the functional significance of these promoter 
uaRNA. Elucidation of details of promoter directionality in budding yeast will help us get 
a better understanding of this crucial gene regulatory mechanism in higher eukaryotes. 
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CHAPTER 2: A ROLE FOR GENE LOOPING IN INTRON-MEDIATED 
ENHANCEMENT OF TRANSCRIPTION 
 
This chapter has been partially published: 
Moabbi AM, Agarwal N, El Kaderi B, Ansari A (2012) Role for gene looping in intron-
mediated enhancement of transcription. Proc Natl Acad Sci U S A 109:8505-8510. 
   
2.1 Abstract:  
Intron-containing genes are often transcribed more efficiently than non-intronic 
genes. The effect of introns on transcription of genes is an evolutionarily conserved 
feature, being exhibited by such diverse organisms as yeast, plants, flies, and mammals. 
The mechanism of intron-mediated transcriptional activation, however, is not entirely 
clear. To address this issue, we inserted an intron in INO1, which is a non-intronic gene, 
and deleted the intron from five native intron-containing genes that are ASC1, IMD4, 
APE2, HPC2 and YPL109C. We then compared transcription of all these six genes in the 
presence and absence of an intron. Transcription of all six genes was significantly 
stimulated by the intron. Introns have a direct role in enhancing transcription of all these 
genes as there was a marked increase in nascent transcripts from these genes in the 
presence of an intron. Intron-mediated enhancement of transcription required a splicing 
competent intron. Interestingly, all six genes were in a looped configuration in the 
presence of an intron. Intron-dependent gene looping involved a physical interaction of 
the promoter and the terminator regions. In addition, the promoter region interacted with 
the 5' splice site and the terminator with the 3' splice site. Intron-mediated enhancement 
of transcription was completely abolished in the looping defective sua7-1 strain. No effect 
on splicing, however, was observed in sua7-1 strain.  On the basis of these results, we 
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propose a role for gene looping in intron-mediated transcriptional activation of genes in 
yeast. 
2.2 Introduction: 
The protein encoding genes in eukaryotes differ from their prokaryotic counterparts 
in having non-coding intervening regions called introns, which are removed by splicing to 
generate mature mRNA. Since their discovery in 1977, there has been considerable 
debate regarding the functional role of introns in eukaryotes (Mattick 1994). It is widely 
believed that introns increase proteomic complexity by facilitating expression of multiple 
proteins from a single gene by alternative splicing (Nilsen and Graveley 2010).  In budding 
yeast, where more than 95% of genes are without introns, and there are very few 
instances of alternative splicing, introns do not contribute significantly to the proteomic 
diversity (Juneau et al. 2006). The presence of introns in all eukaryotes despite the high 
cost of maintaining them and the existence of the elaborate splicing machinery needed 
to remove them, suggest that introns are playing a more fundamental, and evolutionarily 
conserved role in eukaryotic cells. 
One role of introns that has been remarkably conserved among diverse organisms, 
and which confers an additional advantage to eukaryotic genes, is their effect on the 
efficiency of gene expression (Ares et al. 1999; Le Hir et al. 2003; Rose 2008). Introns 
significantly enhance the transcriptional output of genes that harbor them. The expression 
level of intron-less transgenes in mammalian cells is often 10-100 times lower than their 
intron-containing counterparts (Le Hir et al. 2003). The inclusion of just one intron near 
the 5` end of the gene increases transcription of the gene many folds. A number of 
mammalian genes, including beta-globin, growth hormone, thymidylate synthase, purine 
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nucleoside phosphorylase, cathepsin L and HIV-1 require introns for their normal 
expression (Buchman and Berg 1988; Choi et al. 1991; Lacy-Hulbert et al. 2001; Lu and 
Cullen 2003; Charron et al. 2007; Damgaard et al. 2008). A similar intron-dependent 
stimulation of transcription has been observed in a variety of genes in plants (Callis et al. 
1987; Rose 2008). 
In yeast, less than 5% of genes contain introns, but these intron containing genes 
produce about 27 % of total cellular mRNA (Ares et al. 1999; Spingola et al. 1999). On 
average, intronic genes produce 3.9-fold more mRNA than their nonintronic counterparts 
in yeast (Juneau et al. 2006). Removal of introns from yeast genes, like in plants and 
mammalian systems, decreases their mRNA output (Furger et al. 2002; Juneau et al. 
2006). Deletion of introns from several yeast genes affected their transcription sufficiently 
to cause a phenotypic growth defect (Juneau et al. 2006; Parenteau et al. 2008). Introns 
have been shown to stimulate transcription in flies as well. However, there are genes in 
all classes of organisms whose expression remains high irrespective of the presence or 
absence of introns, while a minority of genes are negatively regulated by introns (Le Hir 
et al. 2003; Rose 2008). In some cases, introns increase translational output without any 
increase in transcription of the gene by either affecting the stability of mRNA or by 
facilitating transport of mRNA out of the nucleus into the cytoplasm (Le Hir et al. 2003; 
Rose 2008). 
The intron-mediated stimulation of transcription is physiologically relevant for 
several reasons: (1) a significant number of eukaryotic genes exhibit the phenomenon; 
(2) it is an evolutionary conserved feature that is exhibited by such diverse organisms as 
49 
 
  
 
yeast, nematodes, flies, plants and mammals; (3) it often confers fitness to the organism 
by allowing tissue specific expression or developmentally regulated expression. 
Intron-mediated transcriptional regulation can be broadly divided into two 
categories: (a) splicing-independent regulation, and (b) splicing-dependent regulation. 
Introns can often stimulate transcription due to the presence of an enhancer or a promoter 
element within their sequence (Rose 2008). Such introns can influence transcription even 
if their orientation is reversed (Bianchi et al. 2009). In contrast, splicing-dependent 
regulation of transcription requires a functional, splicing-competent intron within the body 
of the gene. Such introns cannot affect transcription if their splicing is compromised by a 
mutation in the conserved sequences at the 5' splice site, 3' splice site, branchpoint or if 
they are inserted in an anti-sense orientation (Furger et al. 2002; Charron et al. 2007). 
This direct effect of introns on transcription of genes is often referred to as ‘intron-
mediated enhancement’ (IME) and will be the focus of this investigation (Rose 2008). IME 
requires the presence of an intron near the 5' end of the gene. It has been proposed that 
a promoter proximal 5' splice site facilitates recruitment of the transcription machinery to 
the promoter and therefore helps in the initiation of transcription. The interaction of U1 
snRNA with general transcription factor TFIIH and the effect of this interaction on 
reinitiation of transcription provided support to this hypothesis (Kwek et al. 2002). The 
precise mechanism of intron-dependent enhancement of transcription, however, is not 
entirely clear. 
Here we show that inclusion of an intron in INO1 resulted in constitutive activation 
of the gene. The intron-mediated activation was due to an increase in nascent 
transcription of INO1, required splicing, and was independent of the transcription activator 
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Ino2. The removal of intron from the constitutive genes ASC1, IMD4, APE2, HPC2, and 
YPL109C reduced their transcription. In the presence of the intron, the promoter and 
terminator regions of INO1 interacted with each other as well as with the intron end, 
thereby forming a gene loop. Similar pattern of gene loops was observed with ASC1. 
Intron-mediated transcriptional activation was abolished in the looping defective sua7-1 
strain for all six genes. These results suggest a role for gene looping in the intron-
mediated enhancement of transcription in budding yeast.   
2.3 Results:  
2.3.1 Presence of intron in a gene enhances its transcription:  
To investigate intron-dependent enhancement of transcription in budding yeast, 
we inserted an intron into an intron-less gene, and deleted the intron from five natural 
intron-containing genes. Transcription of the genes was then compared under the intron-
plus and intron-minus conditions. 
INO1 is an intron-less gene whose transcription is regulated by inositol. The gene 
is repressed in the presence of inositol and is transcriptionally activated upon depletion 
of inositol from the growth medium (Hirsch and Henry 1986; El Kaderi et al. 2009). To 
examine the effect of an intron on transcription of INO1, a 308 nucleotide long ACT1 intron 
was inserted in the gene 500 bp downstream of the initiator codon. The inserted intron 
was splicing competent as it was efficiently removed from the INO1 transcripts. 
Transcription of INO1 was monitored in cells grown in the presence or absence of inositol 
by RT-PCR. The intron had little effect on the transcript level of INO1 under inducing 
conditions. However, there was a 10-fold increase in steady-state level of INO1 mRNA in 
the presence of inositol in the medium under intron-plus condition (Fig.2.1.B). Thus, the 
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presence of intron caused an increased accumulation of INO1 transcripts under non-
inducing conditions. We next asked if deletion of the intron from five native intron-
containing genes ASC1, IMD4, APE2, HPC2, and YPL109C had a reciprocal effect on 
gene expression. Strains containing intron-less version of the gene were constructed 
following the approach described in Materials and Methods. Deletion of the intron resulted 
in a 2.5 to 10 fold decrease in the transcript level of genes (Fig.2.1.C). 
An increase in transcript level of a gene can be attributed either to enhanced 
transcription of the gene or to an increase in mRNA stability (Garcia-Martinez et al. 2004). 
To address this issue, strand-specific transcription run-on (TRO) analysis of all the genes 
was performed in intron-plus and intron-minus states of gene. The TRO assay measures 
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the level of nascent transcripts that may be still attached to the elongating polymerase on 
the template. The nascent transcripts were labelled with Br-UTP, purified using Br- UTP 
beads and then subjected to RT-PCR. There was about 3-fold increase in nascent 
transcription of INO1 in the presence of an intron under non-inducing conditions (Fig. 
2.2.B). The nascent transcription of five native intron-containing genes also registered a 
2-10 fold increase in the presence of the intron (Fig.2.2.B). These results clearly indicate 
that the intron-dependent increase in mRNA level of these genes is due to the 
transcriptional activation of genes.  
The overall conclusion of these experiments is that all the above mentioned genes 
exhibit intron-dependent activation of transcription in yeast cells. 
2.3.2 Intron-mediated enhancement is dependent on splicing:  
53 
 
  
 
Introns located in the 5ꞌ UTR of several plant and mammalian genes function as 
enhancer elements (Rose 2008). Such introns bring about transcriptional activation of 
genes in a splicing-independent manner. To determine if intron-mediated enhancement 
of transcription was due to the splicing function of the intron, the 5' splice site of ACT1 
intron was mutated from GT to CA as described in Furger et al (Furger et al. 2002). 
The mutant intron was inserted in INO1 and IMD4 gene as described previously. 
As expected, the intron with a mutated 5' splice site could not be spliced out of INO1 and 
IMD4 precursor mRNA, and a longer transcript was produced (data not presented). 
 Results from RT-PCR analysis revealed that the intron-mediated transcriptional 
stimulation of INO1 under non-inducing conditions decreased by about 60-70%, and by 
90% for IMD4 in the presence of a splicing-defective intron (Fig.2.3.B). Thus, intron-
mediated increase in transcription of both INO1 and IMD4 is dependent on their splicing 
function. 
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2.3.3 Intron-mediated enhancement of transcription of INO1 does not require 
activator:  
Activated transcription of INO1 requires the transcription activator Ino2, which is 
constitutively bound to the UAS element of INO1, but brings about stimulation of 
transcription only in the absence of inositol (Graves and Henry 2000; El Kaderi et al. 
2009). To determine if intron-mediated enhancement of INO1 requires Ino2, we repeated 
RT-PCR in an ino2- strain containing INO1 with an intron. The intron-mediated constitutive 
activation of INO1 was maintained in ino2- strain. These data indicate that intron-
dependent enhancement of INO1 transcription does not require the activator protein (Fig. 
2.4). Furthermore, simultaneously presence of both intron and activator did not result in 
a cumulative effect on transcription of the gene.  
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2.3.4 Gene looping accompanies intron-mediated enhancement of transcription: 
Gene looping is defined as the physical interaction of the promoter and terminator 
regions of a gene in a transcription-dependent manner (Ansari and Hampsey 2005). We 
earlier demonstrated that Ino2-mediated transcriptional activation of INO1 is 
accompanied by formation of a looped gene configuration (El Kaderi et al. 2009). We also 
showed that gene looping accompanies the activator-dependent increase in transcription 
of other yeast genes as well. We therefore asked if intron-mediated enhancement of INO1 
transcription also results in the formation of a looped structure. To detect gene loops, the 
CCC (Capture Chromosome Conformation) assay was employed. We have previously 
used this assay to show transcription-dependent looping of several yeast genes (Ansari 
and Hampsey 2005; El Kaderi et al. 2009; Singh et al. 2009). A PCR product obtained 
using divergent primers P1 and T1 was taken as a measure of the interaction of the 
promoter and terminator regions in these experiments. To find out if intron-mediated 
enhancement is accompanied by gene looping, CCC analysis of intron-containing INO1 
was carried out in the cells grown in the presence and absence of inositol. A robust P1-
T1 looping signal was obtained for intronic INO1 both in the presence and absence of 
inositol. This is in contrast to non-intronic INO1 which exhibited gene looping only in the 
absence of inositol (Fig.2.5.B). The extent of gene looping in the presence of the intron 
was almost the same under inducing and non-inducing conditions. The insertion of the 
intron with the mutated 5' splice- site did not result in a looped gene configuration of INO1 
under non-inducing conditions (Fig.2.5.B). Similar results were obtained with the five 
natural intron-containing genes; ASC1, IMD4, APE2, HPC2, and YPL109C. In the 
presence of the intron, CCC analysis of all these native intron-containing genes yielded 
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a distinct P1-T1 PCR product. This signal was reduced by 2-10 folds following removal of 
the intron from the gene (Fig.2.5.C). These analyses reveal that all six genes examined 
here are in a looped conformation in the presence of intron. 
CCC mapping of looping interactions across the INO1 and ASC1 genes revealed 
that the promoter, in addition to contacting the terminator (Fig.2.6.B, lane 5 in +ino and -
ino panels; Fig.2.6.D, lane 15), also interacted with the region near 5ꞌ splice site (Fig. 
2.6.B, lane 2 in +ino and -ino panels; Fig.2.6.D, lane 12). Furthermore, the terminator 
region made contact with the 3ꞌ splice site (Fig.2.6.B, lane 8 in +ino and -ino panels; Fig. 
2.6.D, lane 17). We were, however, unable to detect a direct interaction of the 5ꞌ splice  
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site with the 3ꞌ splice site (Fig.2.6.B, lane 10 in +ino and -ino panels; Fig.2.6.D, lane 19). 
Nor did we detect the interaction of the promoter or terminator with any other internal 
region of either genes (Fig.2.6.B, lanes 1, 3, 4, 6, 7 and 9 in +ino and -ino panels; 
Fig.2.6.D, lanes 11, 13, 14, 16, and 18). A similar interaction of the intron with the 
promoter and terminator regions was observed during gene looping of human BRCA1 
(Tan-Wong et al. 2008). 
2.3.5 Gene looping has a possible role in intron-mediated enhancement of 
transcription: 
58 
 
  
 
The results described above demonstrate that all six genes examine here exhibited 
enhancement of transcription in the presence of an intron. All these six genes were also 
in looped conformation in the presence of intron. It was, however, not clear from these 
experiments if gene looping was responsible for intron-mediated stimulation of 
transcription. To address the issue, we analyzed transcription of all the above mentioned 
six genes, including INO1 with an intron, in the looping defective TFIIB mutant, sua7-1 
(Pinto et al. 1994)(Pinto et al. 1994). TFIIB is an important determinant of gene looping in 
budding yeast (Singh and Hampsey 2007; El Kaderi et al. 2009). The sua7-1 mutation 
completely abolishes gene looping (Singh and Hampsey 2007) (Fig.2.7).  
This mutant provides a convenient way to determine if a cellular process is 
dependent on gene looping. Using this mutant, it was demonstrated that gene looping is 
required for maintenance of ‘transcriptional memory’ in yeast (Laine et al. 2009; Tan-
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Wong et al. 2009). Thus, to determine whether gene looping is required for intron-
mediated enhancement, we assayed transcription of all six genes (INO1, ASC1, IMD4, 
APE2, HPC2, and YPL109C) in sua7-1 cells by strand-specific TRO approach (Medler 
and Ansari 2015). We did not observe any intron-mediated increase in the nascent 
transcription of any of the six genes in sua7-1 cells (Fig.2.8). 
These results demonstrate that intron-mediated enhancement of transcription of 
all the above intron-containing genes was completely abolished in the looping defective 
sua7-1 mutant. Because splicing is required for intron-mediated stimulation of INO1 and 
IMD4, gene looping may directly influence intron-dependent enhancement of 
transcription, or it may do so indirectly by affecting splicing. To clarify the issue, we 
checked for a possible splicing defect in sua7-1 strain by RT-PCR. The primers were 
designed so that a spliced RNA will give a shorter PCR product while an unspliced RNA 
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will give a longer PCR product due to the presence of an intron. We found that precursor 
mRNAs of all six genes under investigation here were spliced as efficiently in sua7-1 cells 
as in the isogenic wild-type cells (Fig.2.9).  
This ruled out the possibility of gene looping indirectly influencing intron-dependent 
transcription through splicing. These results suggested a more direct role for gene looping 
in the intron-mediated enhancement of transcription. The possibility of the TFIIB mutation 
(sua7-1) affecting intron-mediated transcriptional activation through an aspect of 
transcription other than gene looping, however, still could not be completely ruled out.  
Since gene looping of intronic INO1 involved juxtaposition of the promoter and 
terminator regions with each other, as well as with the ends of the intron, we next 
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examined the interaction of 5' and 3' splice site with the promoter and terminator regions 
respectively in sua7-1 strain. We found that not only was the promoter-terminator contact 
abolished in the looping defective strain, but the interaction of promoter with the 5' splice 
site and the terminator with the 3' splice site was also abrogated in sua7-1 cells (data not 
presented). Thus, there was a complete loss of intron-dependent looped gene 
architecture in looping defective cells.  
2.4 Discussion: 
Here we provide evidence that intron-mediated enhancement of transcription in 
yeast requires a splicing competent intron and occurs when the gene is in a looped 
configuration. The presence of an intron may facilitate juxtaposition of the promoter and 
the terminator regions of a gene resulting in a looped gene structure. In the looping 
defective sua7-1 mutant, although splicing was normal, there was no enhancement of 
transcription. The intron-mediated enhancement of transcription is therefore not due to 
splicing per se, but may be due to the formation of a splicing-dependent looped 
architecture of the gene. 
It was recently demonstrated that a 5' splice site alone can bring about an increase 
in transcription of HIV-1 and beta-globin genes (Damgaard et al. 2008). The enhancement 
of transcription elicited by a 5' splice site, however, was much lower (75% less) compared 
to that brought about by a full-length intron. Our results show that in a looping defective 
sua7-1 strain, even a splicing competent intron cannot evoke a transcription activation 
response.  The results presented here suggest that it is not merely the presence of a 5' 
splice site or an intron, but an intron-facilitated looped gene configuration that confers 
transcriptional enhancement of a gene. We further show that during intron-dependent 
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gene looping, there are additional contacts between the promoter and 5' splice site and 
the terminator and 3' splice site .The promoter-5' splice site interaction explains why 5' 
splice site alone is able to bring about a modest increase in transcription of a gene on its 
own.  However, to achieve the intron-mediated enhancement to the fullest possible 
extent, further contacts of the promoter region with the terminator is essential.  How the 
presence of an intron facilitates gene loop formation is not yet clear. We propose that it 
is the interaction of 5' splice site with the promoter and 3' splice site with terminator that 
bring the two ends of a gene in close physical proximity and facilitate the promoter-
terminator contact (Fig.2.10). 
Since looping defective sua7-1 strain has a mutated TFIIB, it is possible that the 
loss of intron-mediated enhancement of transcription in sua7-1 mutant is not due to 
impairment of gene loop formation, but due to some other transcription defect associated 
with this mutation. The sua7-1 codes for a mutated form of TFIIB with glutamic acid at 
position 62 being replaced by lysine (TFIIB-E62K). The mutant is cold sensitive and 
exhibits altered transcription start site selection (Sun and Hampsey 1996). The activator-
dependent transcription that requires gene looping exhibited a kinetic lag in the sua7-1 
mutant (El Kaderi et al. 2009; Laine et al. 2009). The binding affinity of TFIIB-E62K for 
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the promoter region as well as its interactions with TBP and RNAP II are comparable to 
that of wild type TFIIB (Cho and Buratowski 1999). The recruitment of general 
transcription factors and RNAP II onto the promoter during assembly of preinitiation 
complex is also normal in the presence of TFIIB-E62K (Cho and Buratowski 1999). The 
crosslinking of mutated TFIIB to the terminator region of actively transcribed genes, 
however, is severely compromised in sua7-1 cells (Singh and Hampsey 2007). The 
localization of wild type TFIIB to the 3' end of genes is also abolished in the looping 
defective mutants of Ssu72 and Rna15, which are 3' end processing/termination factors 
(Ansari and Hampsey 2005; Singh and Hampsey 2007; El Kaderi et al. 2009). Since TFIIB 
has been shown to physically interact with Ssu72 and Rna15, it has been proposed that 
TFIIB interaction with the terminator-bound factors is the molecular basis of gene looping 
(Wu et al. 1999; Ansari and Hampsey 2005; Singh and Hampsey 2007; El Kaderi et al. 
2009; Wang et al. 2010). Accordingly, we recently purified a complex of TFIIB with a 
number of terminator-bound factors from yeast cells (Medler et al. 2011). This TFIIB-
termination factor complex, which has been proposed to facilitate gene loop formation by 
bridging the promoter and the terminator regions, was not observed in looping defective 
sua7-1 cells. The overall conclusion of these results is that TFIIB-E62K (sua7-1) is 
defective in its interaction with the terminator-bound factors and consequently 
transcriptionally activated genes are no longer in a looped configuration. Taken together, 
these results suggest a role for gene looping in intron-mediated enhancement of 
transcription in yeast cells.   
A critical issue is how intron-dependent gene looping brings about enhancement 
of transcription. It has been proposed that when a gene is in a looped configuration, the 
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proximity of the terminator to the promoter region facilitates release of polymerase from 
the terminator region. The polymerase is then recycled back to the juxtaposed promoter 
for reinitiation of transcription. Such a coupling of termination to reinitiation, with a 
concomitant increase in the transcriptional activity, has been demonstrated for RNAP III, 
RNAP I, mitochondrial polymerase and archaeal polymerase (Maraia et al. 1994; Dieci 
and Sentenac 1996; Jansa et al. 2001; Martin et al. 2005; Spitalny and Thomm 2008). 
Recently, the terminator-promoter crosstalk was shown during transcription by RNAP II 
as well (Mapendano et al. 2010). Several possible mechanisms have been proposed to 
explain transfer of polymerase from the terminator to the promoter for reinitiation (Lykke-
Andersen et al. 2011). Gene looping is by far the most attractive of these proposed 
mechanisms. However, rigorous experimental evidence is needed to show that gene 
looping facilitates the release and transfer of RNAP II from the 3' end to the 5' end of a 
gene following termination of transcription. Nevertheless, this study provides an insight 
into the mechanism of intron-mediated enhancement of transcription in yeast which may 
help understand the phenomenon in higher eukaryotes as well. 
2.5 Materials and Methods 
2.5.1 Yeast strains: 
The yeast strains used in this study are listed in appendix B. Strains BY4733, 
AMR2, AMR6, and AMR15 are isogenic. Strain AMR2 was derived from BY4733 by 
introducing an intron in the INO1 gene at the 500 bp position of the open reading frame 
(ORF) as described in Cheng et al (Cheng et al. 2000) (Fig.2.11). Strain AMR6 was 
derived from AMR2 by inserting the kanamycin resistance gene (kanMX6) between INO1 
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and the downstream SNA3 genes. Strain AMR15 was derived from AMR2 by replacing 
the entire ORF of INO2 by KanMX6 as described in Wach et al (Wach et al. 1994). 
The intron was removed by first replacing the entire ORF of containing your favorite 
intron- containing gene by URA3. Second, an intron-less version of your favorite gene 
was obtained by PCR amplifying gene’s cDNA using primers that contained adaptor 
sequences homologous to the regions upstream and downstream of your favorite open 
reading frame. Third, the intron-less version of your favorite gene (gene A) was inserted 
back into the yeast genome by homologous recombination. Replica plating was 
performed ON 5-FOA to make sure that the URA3 marker was lost, and the correct 
insertion of the intron-less gene was verified by PCR (Fig.2.12). 
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Strain MHA1 was derived from YMH124 by introducing an intron in the INO1 gene 
at 500 bp positions of the open reading frame as described earlier. NEA2 is identical to 
AMR2 except that the 5' splice site of the intron integrated into INO1 was mutated from 
GT to CA. 
2.5.2 Cell Culture: 
Cells for RT-PCR and CCC analyses of INO1 were grown as described in El Kaderi 
et al. Induction of INO1 in all experiments was performed by growing cells for 3 hours in 
inositol-depleted medium (El Kaderi et al. 2009). For all intron-containing genes, cells 
were grown in YP-dextrose till A600 reached 0.4. Cells were then harvested and processed 
for RT-PCR or CCC.  
2.5.3 RT-PCR: 
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Isolation of RNA and RT-PCR analyses of all the genes was performed as 
described in El Kaderi et al (El Kaderi et al. 2009). The primers used are listed in appendix 
C. 
2.5.4 Capture Chromosome Conformation (CCC): 
CCC analyses for all the genes was performed essentially as described in El 
Kaderi et al., except that chromatin was solubilized with 1% SDS prior to restriction 
digestion. For CCC analysis of INO1, chromatin was digested with AluI and EcoRV, while 
restriction digestion was performed with AluI, DraI and NlaIV for CCC analysis of ASC1. 
Position of P1, T1 and other primers, as well as F1, R1 control primers is indicated in 
figures. The CCC positive control PCR products were generated as described in El Kaderi 
et al. (El Kaderi et al. 2009). The primers used are listed in appendix C. 
2.5.5 Transcription Run-On Assay (TRO): 
Transcription run-on (TRO) assay was performed by the modification of protocols 
described in Birse et al., and Hirayoshi and Lis. All TRO signals were quantified using 
GEL LOGIC 200 (KODAK) system and normalized with respect to 18S control. The 
primers used are listed in appendix C. 
2.5.6 Quantification: 
All quantifications and data analyses were performed as described in El Kaderi et 
al (El Kaderi et al. 2009). 
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CHAPTER 3: ENHANCEMENT OF TRANSCRIPTION BY A SPLICING-COMPETENT 
INTRON IS DEPENDENT ON PROMOTER DIRECTIONALITY 
 
This chapter has been published: 
Agarwal N, Ansari A. 2016. Enhancement of Transcription by a Splicing-Competent  
Intron Is Dependent on Promoter Directionality. PLoS Genet 12: e1006047. 
3.1 Abstract: 
Enhancement of transcription by a splicing-competent intron is an evolutionarily 
conserved feature among eukaryotes. The molecular mechanism underlying the 
phenomenon, however, is not entirely clear. Here we show that the intron is an important 
regulator of promoter directionality. Employing strand-specific transcription run-on (TRO) 
analysis, we show that the transcription of mRNA is favored over the upstream anti-sense 
transcripts (uaRNA) initiating from the promoter in the presence of an intron. Mutation of 
either the 5′ or 3′ splice site resulted in the reversal of promoter directionality, thereby 
suggesting that it is not merely the 5′ splice site but the entire splicing-competent intron 
that regulates transcription directionality. ChIP analysis revealed the recruitment of 
termination factors near the promoter region in the presence of an intron. Removal of 
intron or the mutation of splice sites adversely affected the promoter localization of 
termination factors. We have earlier demonstrated that the intron-mediated enhancement 
of transcription is dependent on gene looping. Here we show that gene looping is crucial 
for the recruitment of termination factors in the promoter-proximal region of an intron-
containing gene.  In a looping-defective mutant, despite normal splicing, the promoter 
occupancy of factors required for poly(A)-dependent termination of transcription was 
compromised. This was accompanied by a concomitant loss of transcription directionality. 
On the basis of these results, we propose that the intron-dependent gene looping places 
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the terminator-bound factors in the vicinity of the promoter region for termination of the 
promoter-initiated upstream antisense transcription, thereby conferring promoter 
directionality.  
3.2 Author Summary: 
Eukaryotic genes differ from their prokaryotic counterparts in having intervening 
non-coding sequences called introns. The precise biological role of introns in eukaryotic 
systems remains unclear even more than forty years after their initial discovery. One 
function of intron that has been remarkably conserved during evolution is their ability to 
enhance the transcription of genes that harbor them. How does the intron regulate 
transcription, however, is not known. Here we show that the intron enhances gene 
expression by affecting direction of the promoter-initiated transcription. In the presence 
of an intron, polymerase tends to transcribe the downstream coding region producing 
mRNA, while in the absence of a splicing-competent intron polymerase starts transcribing 
promoter upstream region producing upstream antisense RNA (uaRNA). Intron-mediated 
promoter directionality was dependent on gene looping, which is the interaction off the 
promoter and terminator region of a gene in a transcription-dependent manner. We show 
that the intron-dependent gene looping facilitates the recruitment of termination factors in 
the promoter-proximal region. The recruited termination factors stop uaRNA synthesis 
thereby conferring directionality to the promoter-bound polymerase.   
3.3 Introduction: 
Although introns were discovered more than four decades ago, their precise 
physiological role in biological systems still remains an enigma (Le Hir et al. 2003; Chorev 
and Carmel 2012). One of the evolutionarily conserved functions of introns in eukaryotes 
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is in regulation of the mRNA output of a gene (Ares et al. 1999; Le Hir et al. 2003; Rose 
2008; Shabalina et al. 2010; Gallegos and Rose 2015). The promoter-proximal introns 
often stimulate transcription of genes that harbor them (Callis et al. 1987; Brinster et al. 
1988; Furger et al. 2002; Lu and Cullen 2003; Rose 2004; Damgaard et al. 2008; Rose 
2008; Moabbi et al. 2012). This phenomenon of enhancement of transcription by a 
splicing-competent intron is called ‘intron-mediated enhancement of transcription’ (IME) 
(Le Hir et al. 2003; Rose 2008; Rose et al. 2011; Chorev and Carmel 2012; Gallegos and 
Rose 2015).The discovery of IME coincided with the development of cDNA technology. 
It was observed that the expression of the cDNA version of a gene is much less efficient 
than its native intron-containing counterpart in transfected mammalian cell lines (Brinster 
et al. 1988; Palmiter et al. 1991). It was soon realized that the effect of an intron on 
transcription is a general feature of all eukaryotic organisms, including yeast, flies, worms, 
plants and humans (Rose 2008). Despite the ubiquity, the molecular mechanism 
underlying the phenomenon remains elusive even more than 25 years after its initial 
discovery.    
Although less than 5% of genes in budding yeast contain introns, the intron-
containing genes contribute nearly 28% of mRNA produced in yeast cells (Ares et al. 
1999; Spingola et al. 1999). We previously demonstrated that the intron-mediated 
enhancement of transcription in yeast involves gene looping, which is the physical 
interaction of the promoter and terminator regions of a gene in a transcription-dependent 
manner (Moabbi et al. 2012). How the intron-facilitated looped gene architecture brings 
about enhancement of transcription, however, was not clear. A clue came when our 
laboratory and others demonstrated that gene looping confers directionality to the 
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promoter-initiated transcription (Tan-Wong et al. 2012; Al Husini et al. 2013). The 
eukaryotic promoters and terminators are generally located in nucleosome free regions.  
Genomewide analysis has revealed that the promoters of most RNAPII-transcribed genes 
are bidirectional (Core et al. 2008; Neil et al. 2009; Seila et al. 2009; Xu et al. 2009; 
Almada et al. 2013; Ntini et al. 2013; Andersson et al. 2015; Duttke et al. 2015; Scruggs 
et al. 2015). The transcription initiates in both the sense and upstream antisense 
directions from these promoters. Transcription in sense direction produces mRNA, while 
upstream antisense transcription generates non-coding transcripts called uaRNA 
(upstream antisense RNA) or PROMPT (Promoter upstream transcript) (Almada et al. 
2013; Ntini et al. 2013; Andersson et al. 2015). Transcription of the mRNA continues till 
the polymerase reaches the 3′ end of the gene, whereas synthesis of uaRNA is 
terminated when the transcript is just a few hundred to a thousand kilobase long (Core et 
al. 2008). This phenomenon is referred to as ‘promoter directionality’ (Wu and Sharp 
2013). It is generally believed that the uaRNA synthesis in yeast is terminated in a poly(A)-
independent manner by the Nrd1-Nab3-Sen1 complex (Mischo and Proudfoot 2013; 
Grzechnik et al. 2014). In mammalian systems, however, uaRNA transcription is 
terminated by the same cleavage and polyadenylation machinery that stops mRNA 
synthesis at the 3′ end of a gene in a poly(A)-dependent manner (Almada et al. 2013; 
Ntini et al. 2013). A number of reports suggest that the components of cleavage and 
polyadenylation machinery are involved in the termination of yeast uaRNA transcription 
as well (Steinmetz and Brow 2003; Wei et al. 2011; Tan-Wong et al. 2012; Al Husini et 
al. 2013; Mischo and Proudfoot 2013; Grzechnik et al. 2014). In both yeast and higher 
eukaryotes, uaRNA is immediately degraded by the RNA surveillance machinery. 
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Because of their short half-life, yeast uaRNA species are often referred to as cryptic 
unstable transcripts (CUTs) (Neil et al. 2009; Xu et al. 2009). In mammalian cells, the 
asymmetric distribution of poly(A) site and U1 snRNA-binding sites in the promoter-
proximal region is believed to contribute to transcription directionality (Almada et al. 2013; 
Ntini et al. 2013). In budding yeast, however, gene looping has been shown to confer 
promoter directionality (Tan-Wong et al. 2012; Al Husini et al. 2013). How gene looping 
enhances transcription directionality, however, is not clear.  
Here we show that the transcription directionality of a subset of genes in yeast is 
dependent on the presence of a splicing-competent intron. The intron facilitates the 
recruitment of CF1, CPF and Rat1 termination complexes in the vicinity of the promoter 
region. We provide evidence that the intron-dependent gene looping facilitates the 
recruitment of termination factors near the promoter region. The recruited termination 
factors selectively terminate uaRNA synthesis, thereby conferring directionality to the 
promoter-initiated transcription.  
3.4 Results: 
3.4.1 Introns confer promoter directionality: 
Research conducted during last eight years has confirmed that the nucleosome 
free region located at the 5′ end of most RNAPII-transcribed genes contains two 
unidirectional promoters (Andersson et al. 2015; Duttke et al. 2015). Each of these 
promoters assembles its own preinitiation complex (PIC) and is competent to initiate 
transcription (Duttke et al. 2015; Scruggs et al. 2015). Mechanisms are in place in the cell 
to limit upstream antisense transcription and promote transcription in the sense direction. 
In mammalian systems, asymmetric distribution of 5′ splice sites and poly(A) sites in the 
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promoter-proximal region has been shown to play a crucial role in conferring promoter 
directionality (Almada et al. 2013; Ntini et al. 2013). The presence of 5′ splice sites in the 
promoter downstream region inhibits poly(A)-dependent termination of transcription, 
while the absence of 5′ splice sites in the promoter upstream region allows poly(A)-
dependent termination of transcription in that region. The net result of this arrangement 
is that the synthesis of mRNA is favored over uaRNA. There is no such asymmetric 
distribution of U1 binding sites near yeast promoters (Kotovic et al. 2003; Grzechnik et al. 
2014), but a subset of yeast genes contain introns. Since a promoter-proximal intron 
enhances transcription of mRNA, we hypothesized that the intron-mediated enhancement 
of mRNA synthesis could be, at least in part, due to the effect of the intron on promoter 
directionality.    
To test this hypothesis, we examined transcription of three intron-containing 
genes, IMD4, ASC1 and APE2, in the promoter-proximal upstream antisense and 
downstream sense direction in the presence and absence of an intron. We constructed 
strains with the intron-less version of these three genes following the strategy described 
in Moabbi et al., (Moabbi et al. 2012). The mRNA and uaRNA levels were then compared 
by reverse transcription-polymerase chain reaction (RT-PCR) in the presence and 
absence of the intron. RT-PCR analysis revealed that the mRNA level of IMD4, ASC1 
and APE2 deceased by 2.5 to 10 fold upon deletion of the intron (Fig.3.1.B). 
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 In contrast, the uaRNA content of all three genes registered an increase in the absence 
of intron. The uaRNA level of APE2 increased by about 15 fold, while that of ASC1 and 
IMD4 by about 1.6 fold upon deletion of intron (Fig.3.1.B). These results suggested that 
the intron could be playing a role in regulating the direction of promoter-initiated 
transcription. The presence of an intron favored synthesis of mRNA over uaRNA, while 
the absence of intron switched direction of transcription so as to favor the uaRNA 
synthesis.   
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There was, however, a possibility that the observed alteration in the steady state 
level of mRNA and uaRNA was not due to the effect of intron on transcription, but on the 
stability of transcripts. The presence of intron could somehow stabilize mRNA, but 
facilitate the degradation of uaRNA by exosomes. To rule out this possibility, we 
performed strand-specific transcription run-on (TRO) analysis as described in Medler and 
Ansari (Medler and Ansari 2015). Briefly, the technique involved labeling the nascent 
transcripts with Br-UTP, purifying Br-UTP labeled RNA using anti-Br-UTP affinity beads, 
and then subjecting affinity purified nascent RNA to RT-PCR analysis as described 
above. Strand-specific TRO analysis revealed about a 2 to10 fold decrease in nascent 
transcription of IMD4, ASC1 and APE2 in the sense direction (mRNA synthesis) upon 
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deletion of intron (Fig.3.2.B). Simultaneously, there was about a 3-10 fold increase in 
upstream antisense transcription (uaRNA synthesis) in the absence of the intron (Fig. 
3.2.B). These results confirmed the findings observed above in (Fig.3.1.B), and 
corroborated the role of the intron in promoter directionality for the three genes examined 
here. 
To gain an insight into the role of the intron in promoter directionality, we calculated 
the directionality index by dividing nascent mRNA level with nascent uaRNA level for each 
tested gene in the presence and absence of an intron. The directionality indices in the 
presence of intron for these three genes ranged from 4 to 25 (Fig.3.2.C). Upon deletion 
of the intron, the directionality index registered a decline by about 50-250 fold (Fig.3.2.C).  
3.4.2 Intron-dependent transcription directionality requires a splicing-competent 
intron: 
Having demonstrated the role of intron in promoter directionality in budding yeast, 
we next asked if it is just the 5′ splice site as has been shown in mammalian systems or 
the whole splicing-competent intron that confers directionality to the promoter-initiated 
transcription in yeast cells. We therefore inserted a wild type, a 5′ splice site mutated, and 
a 3′ splice site mutated ACT1 intron into an intron-less IMD4 gene as previously (Moabbi 
et al. 2012). The 5′ splice site was mutated from GT to CA, while 3′ splice site region was 
mutated from AG to GC (Moabbi et al. 2012). Both mutations abolished splicing as a 
longer mRNA was produced (Fig.3.3.B).  
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The strand-specific TRO analysis was then carried out to detect transcription of 
mRNA and uaRNA of IMD4 in the presence of a wild type native intron, in the presence 
of a wild type ACT1 intron, in the absence of an intron, in the presence of 5′ splice site 
mutated and a 3′ splice site mutated ACT1 intron. The insertion of a wild type ACT1 intron 
brought about a 10-fold increase in transcription of mRNA (Fig.3.4.B). The enhancement 
of IMD4 transcription by the ACT1 intron was almost to the extent conferred by its native 
intron. As expected, the mutation of either the 5′ or 3′ splice site failed to enhance 
transcription of IMD4 (Fig.3.4.B).  
Simultaneously, we compared transcription of uaRNA. There was little detectable 
uaRNA signal in the presence of the native or wild type ACT1 intron. A 6-8 fold increase 
in nascent uaRNA signal was observed in the presence of a 5′ splice site mutated intron  
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(Fig.3.4.B). The mutation of the 3′ splice site gave similar results (Fig.3.4.B). The drop in 
directionality index upon mutation of the 5′ or 3′ splice site was almost to the same extent 
(70-100 fold) as in the absence of an intron (Fig.3.4.C). A logical conclusion of these 
results is that it is not the 5′ splice site alone, but the whole splicing-competent intron that 
confers transcription directionality to a subset of yeast genes.  
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3.4.3 Intron facilitates the recruitment of termination factors to the promoter-
proximal region: 
In mammalian cells, uaRNA synthesis is terminated in a poly(A)-dependent 
manner by the cleavage and polyadenylation machinery (Almada et al. 2013; Ntini et al. 
2013). In contrast, promoter-initiated upstream antisense transcription in yeast is believed 
to be terminated by the Nrd1-Nab3-Sen1 complex in a poly(A)-independent manner 
(Mischo and Proudfoot 2013; Grzechnik et al. 2014). We hypothesized that the presence 
of a splicing-competent intron facilitates the recruitment of termination factors in the 
vicinity of the promoter region. The recruited termination factors stop upstream antisense 
transcription, thereby providing directionality to the promoter-initiated transcription. To 
test this hypothesis, we examined the recruitment of termination factors in the promoter-
proximal region of a gene in the presence and absence of an intron. Although uaRNA in 
yeast belongs to the category of CUTs, which are predominantly terminated by the Nrd1-
Nab3-Sen1 complex, the recent studies have also implicated CPF subunit Ssu72 and 
CF1 subunit Pcf11 in the termination of uaRNA transcription (Steinmetz and Brow 2003; 
Wei et al. 2011; Tan-Wong et al. 2012; Mischo and Proudfoot 2013). We therefore 
checked for the presence of all four termination complexes; CF1, CPF, Rat1 and Nrd1 
complexes, in the promoter-proximal region of IMD4 and ASC1 genes by ChIP as 
described in Al Husini et al. (Al Husini et al. 2013). The termination factor ChIP was 
performed in strains with intron-containing or intron-less versions of the gene under 
investigation. The promoter occupancy of CPF complex was monitored in terms of 
recruitment of its Pta1 subunit, while CF1 complex recruitment was detected using its 
Rna15 subunit. Similarly, Rat1 complex recruitment was monitored using its Rat1 subunit, 
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and Nrd1 complex was tracked using its Nab3 subunit. The strains carrying epitope-
tagged version of these termination factors were generated to facilitate ChIP.   
We first examined the recruitment of Nrd1 complex subunit Nab3 at IMD4 and 
ASC1 in the presence and absence of an intron. Nab3 was recruited at both the 5′ and 3′ 
ends of IMD4 with almost equal intensity in the presence of an intron (Fig.3.5.B). Upon 
deletion of intron, there was no appreciable change in the Nab3 occupancy of either the 
5′ or the 3′ end of IMD4 (Fig.3.5.B). Although Nab3 crosslinking to the 5′ end of ASC1 
was about 60% less than that at the 3′ end of the gene, still no significant change in Nab3 
crosslinking was observed at the 5′ end of gene in the absence of the intron (Fig.3.5.C). 
These results suggest that the recruitment of the Nrd1 complex at the 5′ end of IMD4 and 
ASC1 genes is not dependent on the presence of an intron. We then checked for the 
recruitment of CF1, CPF and Rat1 complexes in the vicinity of the promoter of IMD4 and 
ASC1 by ChIP. The CF1 subunit Rna15 was found crosslinked to both the ends of IMD4 
and ASC1 in the presence of an intron (Fig.3.5.B and C). These results are in agreement 
with our published results that the CF1 complex occupies distal ends of a number of yeast 
genes in a transcription-dependent manner (Medler et al. 2011; Al Husini et al. 2013; 
Medler and Ansari 2015). In the absence of an intron, however, both the 5′ and 3′ 
occupancy of Rna15 decreased. The Rna15 signal at the promoter of IMD4 and ASC1 
decreased by about 3.5 fold and 2.2 fold respectively upon deletion of the intron (Fig. 
3.5.B and C). A similar reduction in the promoter occupancy of Pta1, which is a subunit 
of CPF complex, and Rat1 was observed for both IMD4 and ASC1 in the absence of an 
intron (Fig.3.5.B and C). The promoter crosslinking of Pta1 decreased by about 2-12 fold, 
and that of Rat1 by about 2-4 fold in the intron-less versions of these two genes (Fig. 
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3.5.B and C). The overall conclusion of these results is that the recruitment of CF1, CPF 
and Rat1 cleavage-polyadenylation/termination complexes at the 5′ end of IMD4 and 
ASC1 occurs in an intron-dependent manner. Furthermore, the promoter occupancy of 
these termination complexes coincides with the enhanced directionality of promoter-
initiated transcription. A corollary of these observations is that the intron-dependent 
recruitment of termination factors near the 5′ end of genes could be playing a critical role 
in transcription directionality.  
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3.4.4 Recruitment of termination factors at the promoter confers directionality: 
The experiments described above clearly demonstrated an increase in the 
promoter recruitment of factors required for poly(A)-dependent termination of 
transcription in the presence of an intron. It was, however, not clear if the recruited 
termination factors were enhancing transcription directionality by affecting uaRNA 
transcription. We therefore examined nascent uaRNA and mRNA levels in the promoter-
proximal region of IMD4, ASC1 and APE2 in temperature-sensitive mutants of RNA15 
(rna15-2) and PTA1 (pta1-td) by strand-specific TRO approach. The results show that 
uaRNA transcription increased by about 5-fold upon shifting of rna15-2 cells to elevated 
temperature (Fig.3.6.B).  
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A similar increase in nascent uaRNA level was observed when pta1-td cells were 
shifted to non-permissive temperature (Fig.3.6.D). The increase in uaRNA level in pta1-
td mutant, however, was to a lesser extent (about 3-fold). No such increase in uaRNA 
transcription was observed in the isogenic wild type cells at elevated temperature (Fig. 
3.7). In contrast, mRNA transcription registered a decline upon shifting of mutants to 37oC 
for all three genes (Figs.3.6.B and D). The enhanced uaRNA synthesis in rna15-2 and 
pta1-td mutants at elevated temperature was accompanied by a concomitant decrease in 
directionality indices (5-10 fold) (Figs.3.6.C and E). These experiments strongly suggest 
that the termination factors at the promoter are enhancing transcription directionality by 
preventing uaRNA transcription.  
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3.4.5 Gene looping facilitates the recruitment of termination factors near the 5′ end 
of genes: 
Next we asked how the presence of an intron facilitates the recruitment of 
termination factors in the promoter-proximal region. A clue came from our previous 
observation that a gene assumes a looped conformation in the presence of an intron 
(Moabbi et al. 2012). A gene loop is formed due to the physical interaction of the 
terminator region of a gene with its cognate promoter in a transcription-dependent manner 
(Ansari and Hampsey 2005). Gene looping has been shown to affect promoter 
directionality in budding yeast (Tan-Wong et al. 2012; Al Husini et al. 2013). We 
hypothesized that it is the looped gene structure formed in the presence of a splicing-
competent intron that facilitates the recruitment of terminator-bound factors to the 
promoter end of a gene owing to the close physical proximity of the promoter and 
terminator regions. We have already demonstrated the intron-dependent gene looping of 
INO1 and ASC1, but it was not clear if IMD4 and APE2 also exhibit a similar intron-
dependent change in gene conformation (Moabbi et al. 2012). We therefore performed 
‘Chromosome Conformation Capture’ (CCC) analysis of IMD4, ASC1 and APE2 in the 
presence and absence of their native wild type intron in the same batch of cells that were 
used for measuring transcription directionality in Fig.3.1 above, following the protocol 
described in El Kaderi et al., (El Kaderi et al. 2012). The CCC assay measures gene 
looping in terms of a PCR product obtained using P1T1 primer pair that flanks the 
promoter and terminator regions as shown in (Fig.3.8.A). A robust P1T1 looping signal 
was observed for IMD4, ASC1 and APE2 in the presence of the native wild type intron 
(Fig.3.8.B). The looping signal decreased by about 3 fold in the absence of an intron (Fig. 
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3.8.B). Thus, the promoter-proximal recruitment of termination factors at all three genes 
used in this analysis was accompanied by the gene assuming a looped architecture. 
Intron-dependent gene looping, however, is different from transcription-dependent 
looping of non-intronic genes. It is characterized by additional interactions of the intron 
with gene ends and requires functional 5′ and 3′ splice sites (Moabbi et al. 2012). To 
corroborate the role of intron-dependent gene looping in the promoter-recruitment of 
termination factors, we measured conformation of IMD4 gene in the presence of a wild 
type, a 5′ splice site mutated as well as a 3′ splice site mutated ACT1 intron. A robust 
P1T1 looping signal was observed for IMD4 in the presence of the wild type ACT1 intron, 
which was almost to the same extent as in the presence of the native intron (Fig.3.8.D).  
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Mutation of either the 5′ or 3′ splice sites resulted in a decrease in looping signal, 
almost to the same extent as in the absence of intron (Fig.3.8.D). 
We reasoned that if gene looping was responsible for the recruitment of 
termination factors at the promoter region of intron-containing genes, then loss of looping 
upon mutation of either 5′ or 3′ splice site will adversely affect the promoter occupancy of 
termination factors. ChIP analysis revealed that the promoter occupancy of CF1 subunit 
Rna15 and CPF subunit Pta1 was indeed reduced in the splice site mutants of IMD4. The 
promoter Rna15 signal was reduced by about 9-12.5 fold, while that of Pta1 declined by 
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5-10 fold in the splice site mutants (Fig.3.9.B). The correlative nature of the gene looping 
and the promoter occupancy of termination factors support the idea that the looped gene 
architecture could be playing a crucial role in the loading of termination factors to the 5′ 
end of yeast genes. 
To further explore the role of gene looping in the promoter recruitment of 
termination factors, we examined the promoter occupancy of termination factors in the 
looping-defective sua7-1 strain. The sua7-1 is an allele of the general transcription factor 
TFIIB with the glutamic acid at position 62 replaced with lysine (E62K) (Ansari and 
Hampsey 2005). We have previously used this strain to show the role of gene looping in 
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the intron-mediated enhancement of transcription (Moabbi et al. 2012). This strain has 
also been used to demonstrate the role of gene looping in transcription memory and 
termination of transcription (Laine et al. 2009; Tan-Wong et al. 2009; Mukundan and 
Ansari 2013; Medler and Ansari 2015). We expected that if gene looping was responsible 
for the recruitment of termination factors at the 5′ end of genes, then the crosslinking of 
termination complexes in the promoter-proximal region will be compromised in the looping 
defective strain. We found that the promoter occupancy of all three termination 
complexes, CF1, CPF and Rat1, registered a decline in the looping defective mutant. The 
promoter recruitment of CF1 subunit Rna15, CPF subunit Pta1 and Rat1 complex subunit 
89 
 
  
 
Rat1 decreased by about 1.5-3.5 fold in the looping defective sua7-1 strain (Figs.3.10.B 
and C).  
 To rule out the possibility of loss of promoter recruitment of termination factors in 
the looping defective strain being an indirect effect of defective splicing in the sua7-1 
strain, we examined splicing of IMD4 and ASC1 pre-mRNA. The looping defect did not 
affect the splicing efficiency of either IMD4 or ASC1 transcripts (Fig.3.11.B).  
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If it was the looping-mediated recruitment of termination factors that conferred 
promoter directionality, then we expected that the transcription directionality will be 
adversely affected in the looping-defective sua7-1 cells. Our results show that the 
transcription directionality is indeed compromised in the sua7-1 strain (Fig.3.12.B). These 
findings strongly support the idea that gene looping determines promoter directionality by 
facilitating the recruitment of termination factors to the 5′ end of genes.   
3.5  Discussion: 
Our published results suggest that it is either the activator or the presence of an 
intron that facilitates transcription-dependent gene looping (El Kaderi et al. 2009; Moabbi 
et al. 2012). The non-intronic genes are dependent on activator for gene looping. The 
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intron-containing genes, however, require a splicing-competent intron to assume a looped 
gene conformation during transcription (Moabbi et al. 2012). The promoter directionality 
of RNAPII-transcribed genes in budding yeast has been shown to be dependent on gene 
looping (Tan-Wong et al. 2012; Al Husini et al. 2013).  Employing looping defective 
mutants, it was demonstrated that there is an increase in synthesis of uaRNA at the 
expense of mRNA in the absence of gene looping. These experiments, however, were 
performed with genes that exhibited activator-dependent gene looping. Here we show 
that the intron-dependent gene looping, which is characterized by additional interaction 
of the promoter and terminator regions with the intron, also confers directionality to the 
promoter-bound polymerase. How gene looping conferred transcription directionality was, 
however, not clear from any of the previous studies (Tan-Wong et al. 2012; Al Husini et 
al. 2013). On the basis of results presented here, we suggest a possible molecular 
mechanism underlying the enhancement of transcription directionality by the looped gene 
architecture. We propose that the proximity of the promoter and terminator regions in the 
gene loop allows the terminated polymerase along with the termination factors to be 
released from the 3′ end in the vicinity of the promoter of the gene. This leads to an 
increase in the local concentration of the termination factors near the 5′ end of a gene. 
These termination factors can now be recruited by the polymerase engaged in upstream 
anti-sense transcription leading to termination of uaRNA synthesis. Our hypothesis is 
supported by multiple experimental analyses. First, we observed enhanced crosslinking 
of the components of the CF1, CPF and Rat1 termination complexes near the 5′ end of 
several genes in the presence of an intron when the gene is in looped conformation (Fig. 
3.5.B and C). Second, the recruitment of termination factors in the promoter-proximal 
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region was compromised in the looping defective sua7-1 strain (Fig.3.10.B and C). This 
mutant effects gene looping and transcription directionality without any adverse effect on 
splicing (Figs.3.11 and 12). Third, the promoter occupancy of the termination factors 
exhibited a declining trend in the absence of an intron and in the presence of a mutated 
introns (Fig.3.9). The mutation of splice sites in the intron selectively abolishes looping of 
the gene under investigation without any adverse effect on global gene looping. (Moabbi 
et al. 2012). It corroborates the finding with the looping defective sua7-1 mutant, which 
affects gene looping on a genomewide scale and therefore can potentially have an 
indirect effect on promoter directionality. The overall conclusion of these results is that it 
is looped gene architecture that facilitates the recruitment of termination factors near the 
5′ end of a gene, and the termination factors then terminate the transcription of uaRNA 
thereby conferring promoter directionality. 
In mammalian cells, asymmetric distribution of poly(A) sites and U1-binding sites 
has been shown to influence the recruitment of termination factors in the promoter-
upstream region, which in turn terminates uaRNA synthesis (Almada et al. 2013; Ntini et 
al. 2013). The transcription directionality of the mammalian beta-globin gene, however, 
was found to be compromised in a looping defective mutant of the gene (Tan-Wong et al. 
2012). This invokes the possibility of gene looping playing a similar role in the recruitment 
of termination factors in the promoter-proximal region of at least a subset of mammalian 
genes during transcription.  
If gene looping enhances transcription directionality by facilitating the recruitment 
of termination factors in the promoter-proximal region, the next logical question is why the 
promoter-recruited termination factors selectively terminate uaRNA synthesis, while 
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mRNA transcription continues unabated. We have already shown that the activator-
dependent gene looping facilitates recycling of polymerase from the terminator to the 
promoter for transcription in sense direction (Al Husini et al. 2013). The intron-dependent 
gene looping may have a similar effect. A logical question is why the promoter recruited 
polymerase in a looped gene tends to preferentially transcribe in the sense direction, 
while it is terminated in the upstream anti-sense direction. We hypothesize that the 
differential effect of termination factors on the promoter-initiated divergent transcription 
could be due to differential chromatin structure in the vicinity of the promoter region. It 
has been shown that the histone modification pattern in the regions upstream and 
downstream of the bidirectional promoter is markedly different. In mammalian cells, the 
promoter downstream region is characterized by H3K79 dimethylation (Seila et al. 2009), 
which is the mark of elongating polymerase. In contrast, the promoter upstream region is 
deficient in H3K79 dimethylation (Seila et al. 2009). Furthermore, H3K4 is trimethylated 
in the promoter downstream sense direction, while the upstream antisense region is 
marked by H3K4 monomethylation (Scruggs et al. 2015). A similar differential 
modification of H3K27 was recently reported around the bidirectional promoter region in 
a murine cell line (Scruggs et al. 2015). The H3K27 was found preferentially acetylated 
in the promoter upstream region near the antisense transcription start site in a subset of 
bidirectional promoters in murine macrophages. These differential chromatin marks 
around the bidirectional promoter region may inhibit elongation of uaRNA transcript and 
facilitate their termination by the termination factors.  
The emerging view is that a vast majority of RNAPII-transcribed genes in yeast 
and mammalian systems have bidirectional promoters. The regulation of promoter 
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directionality is critical for optimal transcription of these gene. We show a novel role of 
introns in yeast in regulating promoter directionality through looping-mediated recruitment 
of termination factors at the promoter. Less than 5% of yeast genes contain introns. In 
contrast, a vast majority of genes in higher eukaryotes contain introns. It is, therefore, 
tempting to speculate that introns might have a similar mechanistic impact on transcription 
directionality in higher eukaryotes as well.  
3.5. Materials and Methods: 
3.5.1 Yeast strains: 
Yeast strains used in this study are listed in Appendix B. 
3.5.2 Cell cultures: 
Cultures were started by inoculating 5 ml of YP-dextrose medium with colonies 
from a freshly streaked plate and grown at 30°C with gentle shaking. Next morning, 
overnight grown cultures were diluted (1:100) to appropriate volume and grown to A600 
~0.6. Equal number of cells were used for strand-specific RT-PCR, CCC, ChIP or strand-
specific TRO assays. The rna15-2 and pta1-td mutants were grown at permissive 
temperature (25°C) till A600 reached 0.5. Cells were then shifted to non-permissive 
temperature (37°C) for 90 minutes and processed for strand-specific TRO analysis.  
3.5.3 Capture Chromosome Conformation Assay (CCC): 
 CCC experiments were performed as described previously (El Kaderi et al. 2012). 
The primers used for CCC analysis are shown in Appendix C. The enzyme used for 
chromatin digestion of IMD4 and APE2 gene were Alu1 and Dra1, and for ASC1 were 
Nla4, Alu1, and Dra1 obtained from New England Biolabs. Each experiment was 
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performed with at least four independently grown cultures. The P1T1 PCR signals were 
normalized with respect to F1-R1 PCR signals. 
3.5.4 Chromatin Immunoprecipitation (ChIP): 
ChIP experiments (crosslinking, cell lysis and isolation of chromatin) were 
performed as described previously (El Kaderi et al. 2009). Different strains were 
constructed by tagging subunits of all four termination complexes (CPF, CF1, Rat1 and 
Nrd1) as mentioned in appendix B.  Anti-HA antibodies were used to pull down HA-tagged 
subunits, were obtained from Thermo-scientific. Anti-Myc antibodies were used to pull 
down Myc-tagged subunits were obtained from Upstate Biotechnology, and IgG-
Sepharose beads purchased from GE Healthcare were used to pull down TAP-tagged 
subunits. For ChIP analysis, primers used for ChIP PCR are shown in Appendix C. Each 
experiment was repeated with at least four independently grown culture. 
3.5.5 Transcription Analysis: 
Transcription analysis was performed by RT-PCR approach as described 
previously (Medler et al. 2011). The primers used for RT-PCR analysis are shown in 
Appendix C. 
3.5.6 Strand-specific ‘Transcription Run-On’ (TRO) Assay: 
The strand-specific ‘Transcription Run-On’ (TRO) assay was performed as 
described previously in (Medler and Ansari 2015) . The primers used for making cDNA 
and PCR for all the genes are mentioned in Appendix B.  
3.5.6 Quantification: 
The data shown in figures is the result of at least four biological replicates. The 
quantification and statistical analysis was performed as described in (El Kaderi et al. 
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2012). Error bars represent one unit of standard deviation. P-values were calculated by 
two-tailed student t-test. 
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CHAPTER 4: PROXIMITY TO THE PROMOTER AND TERMINATOR REGIONS 
REGULATES THE TRANSCRIPTION ENHANCEMENT POTENTIAL OF AN INTRON 
 
4.1 Abstract: 
One of the evolutionarily conserved feature of introns is their ability to enhance 
expression of genes that harbor them. Introns have been shown to regulate gene 
expression at the transcription as well as post-transcription level. The general perception 
is that the promoter-proximal intron is most efficient in enhancing gene expression and 
the effect diminishes with the increase in distance from the promoter. Here we show that 
the intron regains its positive influence on gene expression with the increase in proximity 
to the terminator region. To get an insight into the role of position of an intron on gene 
expression we inserted ACT1 intron into four different positions within INO1 gene. RT-
PCR analysis revealed that the transcription of INO1 was maximum in the construct with 
a promoter-proximal intron and decreased with the increase in distance of the intron from 
the promoter. The transcription activation potential, however, was partially restored when 
the intron was placed in the vicinity of the terminator region.  Similar results were obtained 
with IMD4 gene. We have previously demonstrated that the promoter-proximal intron 
stimulates transcription by affecting promoter directionality through looping-mediated 
recruitment of termination factors in the vicinity of the promoter region. Here we show that 
the terminator-proximal intron also affected transcription by enhancing transcription 
directionality. Contrary to our expectations the termination step of transcription remained 
unaffected by the terminal intron. On the basis of these results we propose that the 
proximity to both the promoter and the terminator regions affects the transcription 
regulatory potential of an intron in budding yeast.  
4.2 Introduction: 
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One of the conserved features of eukaryotic protein-coding genes that 
distinguishes them from their prokaryotic counterparts is the presence of non-coding 
intervening regions called introns. All eukaryotic genes, however, do not contain introns. 
The proportion of genes containing introns vary from 2.4% in pathogenic ascomycete 
yeast Candida glabrata to 98% in capsular basidiomycete yeast Cryptococcus 
neoformans (Neuveglise et al. 2011; Goebels et al. 2013). A majority of human (92%) 
and plant (78%) genes also contain introns. In budding yeast, a mere 3.8% of genes 
contain introns, but this small number of genes contribute to nearly 27% of transcriptome 
in exponentially growing yeast cells (Ares et al. 1999). This is because introns 
substantially enhance the expression of genes that harbor them (Palmiter et al. 1991; 
Okkema et al. 1993; Duncker et al. 1997; Lugones et al. 1999; Comeron 2004; Juneau et 
al. 2006; Charron et al. 2007; Shabalina et al. 2010). A number of eukaryotic genes are 
dependent on introns for their normal expression. The intron-mediated enhancement of 
gene expression has been conserved during evolution, being exhibited by every 
eukaryotic organism that has been investigated so far (Callis et al. 1987; Buchman and 
Berg 1988; Vasil et al. 1989). Introns have been found to enhance gene expression by 
influencing almost every step of RNA metabolism including transcription, cotranscriptional 
RNA processing, mRNA decay, mRNA export to cytoplasm and translatability of mRNA. 
The molecular basis underlying the phenomenon, however, is not entirely clear (Le Hir et 
al. 2003; Chorev and Carmel 2012).   
The role of intron in enhancing transcription step has been reported for a number 
of genes in such diverse systems as yeast, humans, flies, plants and worms (McKenzie 
and Brennan 1996; Juneau et al. 2006; Rose 2008; Shabalina et al. 2010; Gallegos and 
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Rose 2015). Inclusion of just one intron in a transgenes has been found to enhance its 
transcription by many folds (Brinster et al. 1988; Palmiter et al. 1991; Ash et al. 1993; 
Rethmeier et al. 1997; Lacy-Hulbert et al. 2001; Bartlett et al. 2009; Sam et al. 2010). 
Introns have been shown to enhance transcription by affecting chromatin structure in the 
promoter-proximal region and by facilitating the recruitment of general transcription 
machinery on the promoter region. In mammalian cells, an intron has been shown to 
facilitate H3K4-trimethylation and H3K9-acetylation in the promoter-proximal region 
(Bieberstein et al. 2012). Both these histone marks help in the recruitment of general 
transcription machinery in the promoter region. A promoter-proximal intron has also been 
shown to expedite the recruitment of transcription factors on the promoter region through 
interaction of U1-snRNP with the components of general transcription machinery (Tian 
2001; Kwek et al. 2002; Das et al. 2007; Damgaard et al. 2008). In budding yeast, the 
intron enhances gene expression mainly by affecting transcription and mRNA stability 
(Furger et al. 2002; Juneau et al. 2006; Parenteau et al. 2008; Parenteau et al. 2011; 
Moabbi et al. 2012; Agarwal and Ansari 2016; Petibon et al. 2016). A positive influence 
of an intron on transcription has been demonstrated for several yeast genes using nuclear 
run-on assay (Furger et al. 2002; Moabbi et al. 2012; Agarwal and Ansari 2016). The 
intron-mediated enhancement of transcription in yeast requires a splicing-competent 
intron (Furger et al. 2002; Moabbi et al. 2012; Agarwal and Ansari 2016). We recently 
examined the mechanism of intron-mediated enhancement of transcription in budding 
yeast (Agarwal and Ansari 2016). Our results show that the presence of a promoter-
proximal intron in a gene results in the formation of a unique looped gene architecture. 
The gene loop facilitated the recruitment of termination factors near the promoter-
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proximal region. The promoter recruited termination factors inhibited uaRNA synthesis 
thereby conferring directionality to the promoter-bound polymerase to transcribe mRNA. 
The net result was enhanced transcription of the gene. In a looping-defective mutant, 
even a splicing-competent intron was unable to enhance transcription, thereby implicating 
a novel role of gene architecture in intron-mediated transcriptional regulation.  
The ability to enhance gene expression is not a universal feature of introns. A 
number of factors influence the intron-mediated enhancement effect. The sequence of 
intron is a crucial determinant of its role in enhancement of gene expression (Morello et 
al. 2006; Parra et al. 2011). Another critical factor in determining the regulatory potential 
of an intron is its proximity to the promoter element. It is generally believed that the introns 
located within first 1 kbp of the promoter region are most efficient in enhancing gene 
expression, and the enhancement potential is inversely proportional to the distance of the 
intron from the promoter element (Le Hir et al. 2003; Rose 2004; Rose 2008; Gallegos 
and Rose 2015). There are conflicting reports regarding the ability of a terminal-proximal 
intron to enhance gene expression (Snowden et al. 1996; Furger et al. 2002; Rose 2004). 
A terminator-proximal intron facilitates 3′ end processing of mRNA and termination of 
transcription (Huang and Gorman 1990; Nesic et al. 1993; Gunderson et al. 1997; 
Antoniou et al. 1998; Dye and Proudfoot 1999; Vagner et al. 2000; McCracken et al. 2002; 
Awasthi and Alwine 2003; Kyburz et al. 2006; Millevoi et al. 2006; Kim et al. 2011; 
Martinson 2011). This can potentially enhance transcription of the gene. The introns 
located in the 3′ UTR, however, have been shown to adversely affect mRNA stability and 
translatability in mammalian and plant cells thereby leading to an overall decrease in 
expression of the gene (Bourdon et al. 2001; Kertesz et al. 2006).  
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To understand the role of position of an intron in a gene relative to the promoter 
and terminator region, we inserted ACT1 intron into different positions of INO1 and IMD4 
genes. Our results show that the proximity to both the promoter and the terminator regions 
has a positive influence on transcription of the gene. A terminator-proximal intron though 
is not as efficient as the promoter-proximal intron in enhancing transcription. It facilitates 
gene loop formation and enhances promoter directionality in a manner similar to the 
promoter-proximal intron.   
4.3 Results: 
4.3.1 A terminator-proximal intron enhances transcription of INO1 and IMD4: 
A vast majority of intron-containing genes in budding yeast have an intron in the 
promoter-proximal position (Ares et al. 1999). A small number of yeast genes carry an 
intron in the middle of the gene, and even a fewer number harbors intron in the vicinity of 
terminator region. It is generally believed that a promoter-proximal intron enhances 
transcription of a gene by facilitating the recruitment of general transcription machinery 
and by enhancing transcription directionality (Damgaard et al. 2008; Agarwal and Ansari 
2016). This effect of promoter-proximal intron on transcription has been conserved during 
evolution as it is exhibited by simple eukaryotes like budding yeast as well as the most 
complex mammalian systems. There is, however, no concrete evidence regarding the 
transcription enhancement potential of a terminator-proximal intron. YPL109C is a yeast 
gene that carries an intron near the 3′ end of the gene. Strand-specific TRO analysis 
revealed that deletion of intron from YPL109C decreased its transcription by more than 
10 fold (Chapter II). This result strongly suggested that even a terminator-proximal intron 
has the potential to regulate transcription of a gene in budding yeast.  
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A majority of intron-containing genes in budding yeast carry just one intron. A small 
number of genes harbor two introns. The DYN2 is one such gene that has two introns; 
one near the promoter and the other near the terminator end of the gene. It has been 
reported that deletion of both the promoter and the terminator-proximal introns of DYN2 
reduced its transcription (Furger et al. 2002). The extent of decrease in transcription, 
however, varied. The promoter-proximal intron contributed to nearly 75% increase in 
transcription over intron-less control, while the intron located towards the terminator end 
enhanced transcription by about 33% (Furger et al. 2002). Whether it was the position or 
the sequence of the intron that contributed to their differential effect on transcription was 
not clear from these experiments.  
To understand the role of position of an intron in a gene on its transcription 
regulatory potential, it required inserting the same intron at different positions of a gene 
and measuring transcription of the gene at every position. We therefore inserted ACT1 
intron into five different positions of INO1 gene following the strategy described in (Moabbi 
et al. 2012). INO1 is an intron-less gene, which is induced in the absence of inositol in the 
growth medium. We have previously demonstrated enhancement of INO1 transcription 
under non-inducing conditions upon insertion of an intron near the promoter region of the 
gene (Moabbi et al. 2012). Here we inserted ACT1 intron at four additional positions of 
INO1 gene as shown in (Fig.4.1.A). The intron was inserted in 1602 bp long INO1 gene 
at 100 bp, 500 bp, 800 bp and 1400 bp positions in the coding region of the gene, and 
one 10 bp downstream of the coding region in the 3′ UTR of the gene. At each position of 
intron, transcription was monitored by RT-PCR as described in (El Kaderi et al. 2009). 
Insertion of intron at 100 bp position enhanced the mRNA level by about 43 times 
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(Fig.4.1.B).  At 500 bp position, there was only 20 times stimulation in transcript level by 
the intron. Thus, enhancement effect of intron registered a decline by about 50% 
compared to the 100 bp position at 500 bp position (Fig.4.1.B). Introns inserted at 800 
and 1400 bp position did not result in any appreciable increase in the RNA level over 
intron-less control.  
These results are in agreement with the published results from other organisms as 
they clearly demonstrate that the enhancement effect of the intron on gene expression 
decreases with the increase in distance of the intron from the promoter region. There was, 
however, a surprise in store for us when we inserted the intron at a position 10 bp 
downstream of the coding region. The 3′ UTR intron enhanced INO1 transcript level by 
about 15 times. These results strongly suggest that the proximity to the terminator region 
restores the enhancement potential of an intron on gene expression. The terminator-
proximal intron, however, was not as efficient as the promoter-proximal intron in 
enhancing expression of INO1. The INO1 gene does not contain a natural intron. The 
results obtained with INO1 therefore need to be substantiated with a gene containing a 
natural intron. We, therefore, repeated the experiment with IMD4, which is a natural intron 
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containing gene. We first constructed a strain containing intron-less version of IMD4 gene 
as described in appendix A. We then inserted ACT1 intron at three different positions of 
IMD4 gene; one at 461 bp position, second at 750 bp position within the coding region, 
and a third one in 3′ UTR at the position 20 bp downstream of the coding region 
(Fig.4.2.A). 
Transcription of gene was then monitored by RT-PCR approach as described 
earlier. The intron at position 461 bp stimulated RNA level by about 12 fold over intron-
less control, while 750 intron has almost no effect on transcript level of IMD4 (Fig.4.2.B). 
In agreement with the results obtained with INO1, the terminator-proximal intron 
stimulated transcript level of IMD4 by about 7 fold (Fig.4.2.B).  A logical conclusion of 
these results is that the proximity to both the promoter and terminator regions contributes 
to the enhancement potential of an intron on gene expression. 
The experiments described above clearly demonstrated the accumulation of 
mRNA in the presence of a promoter and terminator-proximal intron of INO1 and IMD4. 
The observed enhancement effect could be either due to an increase in transcription of 
the gene or due to increased stability of the transcript in the presence of the intron. To 
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clarify the issue, we carried out strand-specific TRO analysis of IMD4 in the presence of 
intron inserted at different positions of the gene. The results show very little detectable 
transcription in the absence of intron (Fig.4.3.B). Insertion of intron at 461 position 
stimulated transcription of the gene by about 12 fold. In the presence of terminal intron, 
however, TRO signal registered a 10 fold surge that is almost to the tune of that observed 
in the presence of the promoter-proximal intron. These results clearly demonstrate that 
an intron regains its transcription enhancement potential with increasing proximity to the 
terminator region of the gene in budding yeast.       
 
4.3.2 Mechanism of enhancement of transcription by the terminator-proximal 
intron: 
The published results suggest that a promoter-proximal intron facilitates 
recruitment of general transcription factors onto the promoter region, while a terminator-
proximal intron helps in transcription-dependent loading of cleavage-polyadenylation-
termination factors towards the 3′ end of the gene (Lutz et al. 1996; Damgaard et al. 
2008). The net result is either the enhancement of initiation or the termination step of  
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transcription. We recently demonstrated a novel role of promoter-proximal intron in 
enhancing transcription by conferring directionality to the promoter-bound polymerase to 
transcribe in sense direction and inhibit transcription in upstream ant-sense direction 
(Agarwal and Ansari 2016). To determine if the transcription regulatory function of a 
terminator intron is solely due to its effect on termination of transcription or an effect on 
transcription directionality as well, we performed TRO in the promoter-proximal region as 
described in Chapter 3. 
 The terminator-proximal intron stimulated transcription in the promoter-proximal 
sense direction by about 10 fold, while transcription in the upstream anti-sense direction 
decreased by about 2 fold over intron-less control (Fig.4.3.B). Thus, a terminator-proximal 
intron also enhances transcription directionality in a manner similar to that observed by 
the promoter-proximal intron.   
4.4 Discussion: 
A comparison of the active RNAPII molecules present on intron-less and intron-
containing genes by nuclear run-on assay was done in budding yeast to gauge the direct 
effect of intron on transcription of the gene. The RNAPII density was almost twice more 
on intron containing genes than on transcriptionally active intron-less genes. Accordingly, 
the transcription rate of intron-containing genes was found 2.5 times more than that of 
intron-less genes (Pelechano et al. 2010). This clearly indicates that all intron containing 
genes of yeast are highly transcribed. The strand-specific TRO analysis, which directly 
measures transcription of a gene, also revealed that a number of yeast genes exhibit 
enhanced transcription in the presence of their natural intron (Furger et al., 2002; Moabbi 
et al., 2012; Agarwal and Ansari, 2016). Most of these genes contained a promoter-
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proximal intron which are known to facilitate the assembly of PIC on the promoter thereby 
resulting in enhanced transcription. A terminator-proximal intron, however, is not known 
to affect PIC assembly, but it has been found to expedite the assembly of cleavage-
polyadenylation-termination complex towards the 3′ end of a gene (Lutz et al. 1996; 
Kyburz et al. 2006; Martinson 2011). Whether this 3′ end recruitment has any impact on 
overall transcription of the gene was not clear from these studies. 
The effect of a terminator-proximal intron on overall transcription of a gene has 
never been thoroughly investigated in yeast or higher eukaryotes (Nesic et al. 1993; Dye 
and Proudfoot 1999; Millevoi et al. 2006). There are, however, a few reports that suggest 
a direct role of terminator intron on transcription of the gene (Dye and Proudfoot 1999). 
Studies with cultured mammalian cells have found that the 3ꞌ splice site of the terminator-
proximal intron had an adverse effect on H3K36me3, which is a chromatin mark normally 
associated with transcription elongation, and needs to be removed to facilitate termination 
of transcription. It was observed that a mutation in the 3ꞌ splice site of terminator-proximal 
intron in  beta-globin gene caused enrichment of this mark in the 3ꞌ region of the gene, 
which is expected to inhibit termination leading to overall lowering of transcription (Kim et 
al. 2011). Many studies have pointed out the positive effect of terminator-proximal intron 
on transcription by aiding in the mRNA 3′ end processing mechanism (Niwa et al. 1990; 
Nesic et al. 1993; Dye and Proudfoot 1999; Vagner et al. 2000; McCracken et al. 2002). 
Clearly, more studies are needed to unravel the role of terminator-proximal intron in 
regulation of transcription.  
This is the first systematic study analyzing the role of the position of an intron within 
a gene on its transcription in budding yeast. Using strand-specific TRO approach, we 
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show a direct effect of the promoter and the terminator-proximal introns on transcription 
of IMD4. Enhancement of transcription by the terminator-proximal intron was almost to 
the same extent as the promoter intron. The intron in the middle of the gene has 
absolutely no effect on transcription of the gene. These results reaffirm the view emerging 
from studies with higher eukaryotes that the position of an intron within a gene has a 
strong bearing on its transcription regulatory potential (Rose 2004). Our analysis further 
revealed that the terminator intron affects promoter transcription in a manner similar to 
the promoter-proximal intron. The terminator intron inhibits uaRNA transcription in the 
vicinity of the promoter region, thereby reversing directionality of the promoter-bound 
polymerase to transcribe mRNA. Our preliminary analysis revealed that the terminator 
intron also facilitates gene looping.  It needs to be determined if the terminator intron 
induced gene looping play any role in enhancement of transcription directionality.  
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APPENDIX A: EXPERIMENTAL PROCEDURES 
A.1 Intron-less and intron-containing gene strain construction: 
 The detailed procedure for the construction of intron-less version of the genes is 
as followed. First step was to amplify the URA3 cassette from a plasmid pRS416 using 
polymerase chain reaction (PCR) with long-length primers. These primers harbored 
homologous regions 50 bp long, both upstream and downstream of the gene of interest 
(GOI) as well as another region 20 bp long that is homologous on both ends to the URA3 
cassette in the plasmid. This cassette with other DNA regions was transformed into 
BY4733 in which URA3 gene replaces the GOI in BY4733 cells by homologous 
recombination,. URA- plates were used as a selection media, to select the positive clone 
that is, cells which acquired the URA3 gene. After obtaining the colonies and successfully 
PCR diagnosis, another transformation was done with the previously obtained clone 
(containing URA3 gene in place of GOI) in order to replace the URA cassette with GOI 
cDNA. This procedure was executed to have GOI gene without intron in the yeast 
genome. The transformed cells were then plated on 5-FOA plates, which will select for 
positive clones. 5-FOA is a compound, which is converted to 5-Fluorouracil, a in the 
presence of oratidine-5ꞌ-phosphate decarboxylase (an enzyme product of the URA3 gene 
that typically catalyzes a reaction in pyrimidine synthesis). 5-Fluorouracil is a toxic 
compound that will cause cell death and so, if the URA3 gene has not been knocked out 
by GOI cDNA in any of the cells, those cells will not be able to grow on the plates. Ideally, 
then, all the cells that grow on the 5-FOA plates are the transformed clones. However, 
certain mutations in the URA3 gene might make it possible for non-transformed cells to 
grow. Hence, clones were further confirmed by PCR approach (Fig.2.12). 
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The intron-containing version was obtained as descried in described in Cheng et 
al (Cheng et al. 2000) (Fig.2.11). 
A.2 Plasmid isolation: 
Many plasmids were isolated in this project from bacterial cells. For this process, 
bacterial cell cultures were grown in the 30ºC shaker overnight. Next day, 1 ml of total 
culture was pelleted in a 1.5 mL eppendorf tube. Qiagen MiniPrep Kit was utilized for the 
isolation of plasmid. This kit utilizes buffer P1 which includes Tris-HCl, which maintains 
the pH; EDTA, which prevents DNA degradation due to DNases; and glucose, which 
leads to higher osmotic pressure on the external surface of the cells. Buffer P2 consisting 
of a base that lyses the cell wall and sodium dodecyl sulfate (SDS), which dissolves 
membrane. Buffer N3 removes SDS and neutralizes the basic solution and, finally, 
isopropanol is used, which separates nucleic acids from protein. Columns were used in 
conjunction with the additions of these solutions and removals of the flow through to 
isolate the plasmid form other cellular matter. However, in the end, for better purification, 
the solution containing plasmid was treated with phenol/chloroform, and ethanol purified, 
and then re-suspended in Tris-EDTA (TE) buffer. Gel electrophoresis was used to check 
for the presence of the plasmid.  
A.3 Cell culture (RT-PCR, CCC, ChIP or TRO): 
 Cell cultures were started from fresh stocks in 15ml tubes in either 5ml of YP-
dextrose for all constitutive genes or Inositol drop out media for INO1 gene and were 
grown at 30°C overnight. Next day these cultures were sub-cultured in 1:100 ratio into 
250 ml flasks of similar media. These 100 ml cultures were grown till it reached to optical 
density (O.D) ~ 0.6 to 0.8. For induction, cells were grown up to OD600~0.3-0.4 and then 
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induced for three hours till it reaches to O.D ~0.8 . While using strains that are temperature 
sensitive (used in chapter three), cells were grown at the permissive temperature of 25°C 
to an OD600~0.4 to 0.6 and then transferred to the non-permissive temperature of 37°C 
for 90 minutes. After induction the cells were then processed accordingly for each 
experiment. 
A.4 Transformation: 
Transformation is the process whereby cells take up foreign DNA. Transformation 
was done by heat shock method using lithium acetate, polyethylene glycol (PEG) solution, 
and dimethyl sulfoxide (DMSO) to increase its efficiency. Basic procedure was followed 
where a 5 mL cell culture was incubated in the 30 ºC shaker overnight and diluted the 
next morning in 1:100 ratio of cell culture to YPD in flasks. The diluted cultures were 
further incubated until the O.D. reached ~0.4. They were then chilled on ice for 30 minutes 
and spun at 2,000 rpm in the 4 ºC centrifuge to be pelleted. Then, the pellet was washed 
with 10 mL of lithium acetate buffer, which neutralizes the charges on the cell membranes. 
Next, the pellets were re-suspended in 200 μL of lithium acetate buffer before being 
distributed to two eppendorfs: 100 μL to an empty control and 100 μL to one containing 
purified DNA which has to be transformed. Next 280 μL PEG solution were added and 
cells were incubated at room temperature for 45 minutes. Afterwards, they were heat 
shocked for 5 minutes to make the cell membrane more permeable to increase chances 
of DNA uptake and then cooled on ice for 2 minutes to reassert membrane integrity and 
the cells were then pelleted, washed, re suspended in 500 μL of sterile YPD media, and 
then plated on drop out plates. To check for the correct clones, a diagnostic PCR needed 
to be done using genomic DNA from the clones.  
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A.5. Transcription analysis by reverse transcription PCR (RT-PCR): 
RNA was isolated as described previously in (El Kaderi et al. 2009). The cDNA 
was constructed using oligo dt and 18S cDNA primer using MmulV RT enzyme (NEB). A 
minus RT enzyme was always run as a control. After cDNAs were obtained the gene 
specific amplification was done using oligo-dt as a template and 18s was amplified using 
primers specific for 18s. That was used as a loading control. Sometimes actin control was 
used instead of 18s RNA control.  
A.6. Strand-specific RT-PCR: 
For strand-specific RT PCR, first the cells were grown as described previously and 
were spun to get the pellet. This pellet was re-suspended immediately in cold 500 μl of 
trizol. To this 250 μl of the acid-washed beads were added. Cells were then lysed by 
vigorous shaking on a vortex for 20 minutes at 4oC. After lysis, 500 μl of trizol and 200 μl  
of chloroform was added to the cell lysate and left on the bench for five minutes at room 
temperature. The tubes were then vortexed and spun in a refrigerated centrifuge for 20 
minutes at 13.2K r.p.m. at 4°C. This was followed with two phenol-chloroform (pH 4.3) 
extraction and one chloroform extraction. RNA was precipitated using 1/10th volume of 5 
M LiCl and 2.5 volumes cold 100% ethanol in the presence of glycogen as a carrier. The 
precipitated RNA was collected by centrifugation for 20 minutes at 4°C. To get rid of the 
extra salt a further was with 70% cold ethanol was performed. The pellet was dried and 
resusupended in 51 μl of DEPC-treated water and the concentration was estimated using 
a nanodrop. Strand specific PCR was performed by making cDNA using upstream primer 
indicated in the primer list. Then gene specification amplification was done using taq 
polymerase. Results were normalized with respect to 18s rRNA control. 
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A.7. Strand-specific transcription run-on assay:  
Cells were grown as described above. The transcription run-on assay was done 
with little modification from the procedure as described in Medler et al. 2015 (Medler and 
Ansari 2015). 100 ml of cells were harvested growing them in YPD till it reached 
OD600~0.8. Then the cell was pelleted and was washed with cold and freshly prepared 
TMN buffer, that will remove all the media particles. This pellet was then resusupended 
in  900 μl of diethylpyrocarbonate-treated (DEPC) ice cold water and  60 µl 10% sarkosyl 
in 1.5 ml lock tops. The sarkosyl was added to permeabilize the cells. These tubes 
containing cells were incubated for 25 minutes in an ice pack while nutating at 4 °C. After 
permealization, cells were spun using very low speed (1.2g) for 6 minutes at 4°C to get a 
pellet. The supernatant containing the cellular NTPs was carefully removed and cells 
were resuspended in 150 µl of run-on reaction buffer. This buffer has all the NTPs 
including Br-UTP. This cell suspension was incubated at 30°C for 5 minutes for 
transcription elongation or transcription reaction. Immediately after 5 minutes, the reaction 
was stopped by adding 500 µl of ice cold Trizol followed with 250 µl of acid washed glass 
beads to lyse the cells using a vortex at 4 °C. The cell were lysed and filtrate was obtained 
in a 1.5 ml Eppendorf. 500 µl of Trizol and 200 µl was added and incubated at 25 °C for 
5 minutes to inactivate the nucleases. This whole cell content was vortexed and spun 
again at high speed for 20 minutes. The supernatant was mixed with 0.3 M of NaCl 2.5 
volumes of cold 100% ethanol and was incubated for one hour to overnight at -20 °C. 
Next day, RNA was pelleted by a spinning at 13.2k at 4 °C for 30 minutes. The RNA pellet 
was briefly washed once with 70% ethanol and the pellet was then dried and resuspended 
in 100µl of DEPC treated water. This RNA was further cleaned using RNAse easy kit to 
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get rid of unbound Br-UTP. These beads were now incubated at 65°C for 5 minutes and 
kept on ice for two minutes and were ready for the binding process  Meanwhile, 25 µl of 
anti-BrdU conjugated agarose beads were washed 3x using 500µl of binding buffer and 
were blocked using blocking buffer for 90 minutes. After blocking, these beads were 
washed twice with 500µl of the binding buffer and were mixed with the RNA from the 
previous step. This solution was kept for binding for 90 minutes at 4°C on a nutator.  After 
binding, the beads were sequentially washed with 500 µl each of  binding buffer, of low 
salt buffer, high salt buffer and twice with 500 µl  of TET buffer. RNA was then eluted by 
500 µl of elution buffer. This was followed with one phenol chloroform extraction and the 
RNA was extracted by adding 0.3M NaCl and 2.5 volume of the cold 100% ethanol. The 
RNA pellet was resuspended in 41 µl of the water. Using 1 µl the O.D. was measured and 
a minimum of 0.5 µg of RNA can be used per reaction to make cDNA. That is followed by 
PCR.  
A.8. Chromatin Immunoprecipitation (ChIP): 
ChIP was performed as described in (El Kaderi et al. 2009). In this process, the 
cells are grown as described above and then with formaldehyde that preserves the DNA-
protein interactions. Cells are then subjected to lysis and the chromatin is harvested which 
is subject to sonication to break the DNA into small fragments. This chromatin is now 
subjected to immunoprecipitation with the appropriate antibody to pull down the protein 
of interest that is still attached to the DNA fragment. After this the DNA is purified and 
subjected to PCR with appropriate primers. Primers used for ChIP-PCR are described 
appendix C. Termination factor ChIP as described in chapter III were done by using anti-
HA, IgG and anti-Myc agarose beads (Upstate Biotechnology).  
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A.9. Chromosome Conformation Capture analyis (CCC): 
CCC experiments were performed exactly as described previously (El Kaderi et al. 
2012). The cells are harvested, fixed with formaldehyde, solubilized, and digested with 
restriction enzymes and the ligated. The DNA is then purified and subjected to the PCR. 
The primers used for CCC analysis are shown in supplemental appendix C. 50 ml cell 
culture was grown as described above. Cells were crosslinked for 25 minutes at 25°C. 
The crosslinked crude chromatin was digested with restriction endonuclease(s). For, 
IMD4, INO1 and APE2 gene were Alu1 and Dra1, and for ASC1 were Nla4, Alu1, and 
Dra1 obtained from New England Biolabs. The P1-T1 PCR signals were normalized with 
respect to F1-R1 PCR signals. 
A.10. Quantification: 
The quantification was performed with gel densitometry as described in (El Kaderi 
et al. 2009). 
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APPENDIX B: STRAINS 
Strain Name Description Reference 
BY4733 MATa his3Δ200 trp1Δ63 leu2Δ0 
met15Δ0 ura3Δ0 
This study 
AMR2 MATa his3200 trp163 leu20 
met150 ura30 INO1::intron 
This study 
AMR6 MATa his3200 trp163 leu20 
met150 ura30 KanMX 
INO1::intron  
This study 
AMR15 MATa his3200 trp163 leu20 
met150 ura30 ino20 
INO1::intron  
(Singh and Hampsey 
2007) 
YMH124 MATa cyc1-5000 cyc7-67 ura3-52 
leu2-3,112 cyh2  
sua7-1 
This study 
MHA1 MATa cyc1-5000 cyc7-67 ura3-52 
leu2-3,112 cyh2  
sua7-1; INO1::intron  
This study 
W303-1A MATa leu2-3 can1-100 ura3-1 
ade2-1 his3-11, 15 trp1-1 
This study 
AMR14 MATa leu2-3 can1-100 ura3-1 
ade2-1 his3-11, 15 trp1-1ASC1 
without intron 
This study 
NEA2 MATa his3200 trp163 leu20 
met150 ura30 INO1:: 5’SS 
(GT→CA) intron 
       This study 
NEA9 Parent BY4733 
IMD4-int 
TFA2-TAP tagged 
This study 
NEA10 Parent : BY4733; IMD4-int 
 Act KanMX Lox P from pRKO 
inserted at 461 bp from start 
position 
This study 
AA3 Parent : BY4733; MRK1 knocked 
out with URA3 cassette from 
pRS426 
        This study 
AA4 Parent : BY4733; HPC2 knocked 
out with URA3 cassette from 
pRS416 
This study 
AA5  
Parent : BY4733; SRC1 knocked 
out with URA3 cassette from 
pRS416 
This study 
AA6 Parent: WA298         This study 
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Knocked out URA3 with HPC2 
cDNA 
And selected on 5-FOA to form 
HPC2-intron strain 
AA7 Parent : BY4733 
Knocked out URA3 with 
ASC1cDNA 
And selected on 5-FOA to form 
ASC1-intron strain 
This study 
NEA11 Parent strain: NEA6 
 
Act1 intron is inserted at 461 
position in IMD4-intron gene 
This study 
JRB1 Parent strain : NEA6 
KanMx+Act1 int from pRKO is 
inserted at TGA+20 position in 
IMD4-intron strain 
        This study 
AS1 MATa his3200 trp163 leu20 
met150 ura3  sua7-1. 
Looping defective strain with 
mutated TFIIB in BY4733 
background 
This study 
AS2 MATa his3200 trp163 leu20 
met150 Intron-containing  
APE2 gene deleted using URA3 
marker using pRS416 PCR product 
in BY4733 background 
This study 
AS3 MATa his3200 trp163 leu20 
met150 ama1Intron-containing  
AMA1 gene deleted using URA3 
marker using pRS416 PCR product 
in BY4733 background 
        This study 
HG1 
 
NMD2 replaced with URA3 
cassette using pRS416 PCR 
product in BY4733 background 
This study 
HG2 First YPL109C gene was 
knockdown with URA3 cassette 
and then replaced with IMD4 
cDNA. 2 clones 
This study 
HG3 First APE2 gene was knockdown 
with URA3 cassette and then 
replaced with IMD4 cDNA. 2 clones 
         This study 
NEA12 Act1 intron mutated at 3’SS and 
inserted into IMD4 gene at 461 
This study 
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bp(original position) No kmx clone 
5,7 
BVS1 Act1 intron mutated at 3’SS and 
inserted into IMD4 gene at 461 bp 
(original position) No kmx 
Clone 13 
This study 
NEA13 Tap-tagged ; Rna15  
Background: NEA6 
 
        This study 
NEA14 Tap-tagged ; sua7  
Background: NEA6 
 
This study 
NEA15 PARENT:  SUA7-1 
knocked out RRP6 with KanMx 
marker 
This study 
ANN1 BY4733; TAP-tagged Nab3 using 
1668 )TRP- marker 
        This study 
ANN2 IMD4-INT (nea6);TAP-tagged 
NAB3 using 1668) trp- marker 
This study 
ANN3 IMD4-INT(nea6); TAP-TAGGED 
Rat1 USING 1668 TRP- MARKER 
This study 
KMD1 Asc1-int, Tap-tagged Rat1 using 
1669 , ura marker 
        This study 
ANN4 IMD4-INT(nea6); HA-tagged pta1 
using 1609 his- marker 
 
This study 
KMD2 ASC-INT, Rna15 –tap tagged, 
URA3 marker, 1669. 
This study 
NEA17 5ꞌ SS in act intron insrted in imd4-
intron gene at orginal position 
        This study 
KMD3 ASC-INT, Pta1- HA tagged, his 
marker, 1609. 
        This study 
NEA18 Parent-BY4733; ACT1 intron was 
inserted after terminator of INO1 
gene, ura marker. 
This study 
KMD4 ASC-INT, Nab3- TAP tagged, ura 
marker, 1669. 
This study 
NEA19 Parent is SUA7-1; PTA1-HA , 
histidine marker 
       This study 
NEA20 PARENT : SUA7-1; RAT1 TAP, 
TRP MARKER 
This study 
NEA21 PARENT: SUA7-1; Nab3-tap; trp 
marker 
This study 
KMD5 SUA7-1, Rna15-TAP, trp marker, 
1668. 
        This study 
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KMD6 IMD4 ; intron at tga+20 position. This study 
ANN5 IMD4; 5ꞌ SS MUTANT; PTA1-HA, 
HIS MARKER 
This study 
ANN6 IMD4; 3ꞌ SS MUTANT; PTA1-HA 
kanmx marker 
This study 
KMD7 IMD4 5ꞌ SS mutant, RNA15-myc, 
kanmx marker, 1610. 
This study 
KMD8 IMD4 3ꞌ SS mutant, RNA15-myc  
kanmx marker, 1610. 
This study 
ANN7 Parent strain: NEA11/ WA302 
PTA subunit tagged with HA  
plasmid used 1609 marker his 
This study 
ANN8 Parent strain: NEA11/WA302 
RNA15 subunit tagged with myc 
1609 plasmid his marker 
This study 
ANN9 Parent strain: NEA11/WA302 
Rat1 subunit tagged with myc 1609 
plasmid his marker 
This study 
ANN10 Parent strain: NEA11/WA302 
Kin28 subunit tagged with myc 
1609 plasmid his marker 
This study 
KMD9 INO1 strain w/ intron at 100 
position 
This study 
KMD10 INO1 strain w/ intron at 800 
position 
This study 
KMD11 INO1 strain w/ intron at 1400 
position 
This study 
KMD12 IMD4+INT @ TGA, rna15-myc 
tagged, plasmid 1612, His marker 
This study 
KMD13 IMD4-INT, Sua7-HA tagged, 
plasmid 1609, his marker 
This study 
KMD14 IMD4+INT @ TGA, Sua7-HA 
tagged, plasmid 1609, His marker 
 
This study 
KMD15 IMD4+INT @ TGA, Pta1-HA 
tagged, plasmid 1609, His marker 
 
This study 
KMD16 IMD4+INT @ TGA, ccl1-tap 
tagged, plasmid 1669, ura marker 
This study 
KMD17 IMD4-INT, RNA15-myc tagged, 
plasmid 1612, his marker 
This study 
KMD18 Ino1; TGA+10, Act intron This study 
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SAM51 
MATa his3Δ200 trp1Δ63 leu2Δ0 
met15Δ0 ura3Δ0, RNA15-MYC 
(Medler et al. 2011) 
FY23   MATa ura3-52 trp1D63 leu2D1   
Winston et al. 
Yeast 11:53-56 
(1995)] 
rna15-2 
MATa ura3-1 trp1-1 ade2-1 leu2-
3,112 his3-11,15  
(Minvielle-Sebastia 
et al. 1991). 
XHy23 
Pta1-degron construct: CUP1p-
Ub-Arg-DHFRts-HA-PTA1--URA3 
(Krishnamurthy et 
al. 2004) 
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APPENDIX C: PRIMERS 
Primer Sequence 
5ꞌ INO-INT-up100 
 
CAAGTGCACGTACAAGGACAACGAGCTGCTCACCAAGTA
CAGCTACGAAAGTATGTTCTAGCGCTTGCAC 
 
3ꞌ INO-INT-down100 
 
AGTGGGCGTTACATCGAAGCGGCCACTAGCTGTCTTCGT
AACTACAGCATCTAAACATATAATATAGCAACAAAAAGAAT
G 
 
5ꞌ INO-INT-up800 
 
GTAGAAGTATCTCCTGGTGTTAATGACACCATGGAAAACC
TCTTGCAGTC GTATGTTCTAGCGCTTGCAC       
 
3’ INO-INT- 
down800 
 
CTGCTGCAAAGATCGTGGAAGGAGCAATCTCTTCATGGTC
ATTCTTAATACTAAACATATAATATAGCAACAAAAAGAATG 
 
5ꞌ INO-INT-up1400 
 
 
GTCATGACTGAGTTTTGTACAAGAGTGTCCTATAAGAAGG
TGGACCCAGTGTATGTTCTAGCGCTTGCAC 
3ꞌ INO-INT-   
down1400 
 
AGAAGGTTAAAACTGGATAAAAGTTCTCGAATTTGCCAGC
ATCTTCTTTACTAAACATATAATATAGCAACAAAAAGAATG 
 
5ꞌ-DIMD4-prs 
 
GATATTGGACCAATTCCATAGCTTTGAAGAAACCTAACAAA
CATTTTACG GCGGCATCAGAGCAGATTG  
 
3ꞌ DIMD4-prs 
 
 
AGGTATATTTATATGCAAAAATAAACTTTTAAATATCTATGG
ATGCTTAC CTGTGCGGTATTTCACACCG 
5ꞌ   D- ASC1-Prs 
 
 
 
TTTTTTTTCCAAAAAATCCTTATAACACACTAAAGTAAATAA
AGTGAAAAGCGGCATCAGAGCAGATTG 
3’ D- ASC1-prs ACCAATAACTAGAAGATACATAAAAGAACAAATGAACTTTA
TACATATTCCTGTGCGGTATTTCACACCG 
 
5’ ASC1 cDNA new 
 
CTATATTTAAGACTGCTCCTTTGGTTTTCCTAACTCGTTCT
CTCTCTCTTTTTTTTTTCCAAAAAATCCTTATAACACACTAA
AGTAAATAAAGTGAAAAATGGCATCTAACGAAGTTTT  
 
3’ Asc1 cDNA new 
 
TACACTAAAATATAGAAATTATTTTCTTTATTTTTACCATTTT
AAACATGACCAATAACTAGAAGATACATAAAAGAACAAATG
AACTTTATACATATTCTTAGTTAGCAGTCATAACTT 
 
5’ IMD4 cDNA 
 
GATATTGGACCAATTCCATAGCTTTGAAGAAACCTAACAAA
CATTTTACGATGAGTGCTGCTCCATTGGA 
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3’ IMD4 cDNA 
 
AGGTATATTTATATGCAAAAATAAACTTTTAAATATCTATGG
ATGCTTACTCAATTGTATAGACGTTTTTCATAGG 
 
5’ IMD4 ACT1 (461) 
 
AGTTAAGGTTATGAAGAGAAAGTTTGGTTTCTCTGGCTTC
CCAGTTACTGGTATGTTCTAGCGCTTGCAC 
 
3’IMD4 
ACT1 (461) 
 
ATCACGAGAGGTGACTAACCCAACTAACTTACCTGGACAC
TTACCGTCTTCTAAACATATAATATAGCAACAAAAAGAATG 
 
5’ HPC2-Prs KO 
 
GATTTAAACGAACAGCATTAACCTCCACGACCATATTCAAA
CGATTGGAA GCGGCATCAGAGCAGATTG 
 
3’HPC2-Prs KO 
 
TTTCATTTTTTATGTCGTTCAGGGATTTTGGAAAATCTCTG
ACACAATGC CTGTGCGGTATTTCACACCG 
 
5’ HPC2 cDNA 
 
GATTTAAACGAACAGCATTAACCTCCACGACCATATTCAAA
CGATTGGAAATGGACCAAAAAGGTATGTTCTG 
 
3’ HPC2 cDNA 
 
TTTTTATGTCGTTCAGGGATTTTGGAAAATCTCTGACACAA
TGCTTATTTATTTTTAACACCACCTCTTT 
 
5’ imd4-int ACT int 
TGA+20 
 
CACTCCTATGAAAAACGTCTATACAATTGAGTAAGCATCCA
TAGATATTTGTATGTTCTAGCGCTTGCAC 
 
3’ imd4-int ACT int 
TGA+20 
 
AGTTTTGTTGATCTCTATGAAGGTATATTTATATGCAAAAAT
AAACTTTTCTAAACATATAATATAGCAACAAAAAGAATG  
 
5’ APE2 KO prs 
 
 
GTTCAAAAAATCTGACATAAAAAGGTACTTAAAAACACAGG
TTGCATAATGCGGCATCAGAGCAGATTG 
3’ APE2 ko prs 
 
AGATACTTGACTATATAAAAAGGCAAAATGGCTAGAAAAG
AGATTTTTTCCTGTGCGGTATTTCACACCG 
 
5’ APE2 cDNA 
 
 
GTTCAAAAAATCTGACATAAAAAGGTACTTAAAAACACAGG
TTGCATAATATGCCAATTGTTCGGTGGCTATTA   
3’ APE2 cDNA 
 
 
AGATACTTGACTATATAAAAAGGCAAAATGGCTAGAAAAG
AGATTTTTTCTTAATAGTAACCATTTTCCTTC 
 
5’ IMD4 ACT1 5’ SS 
(461) 
 
AGTTAAGGTTATGAAGAGAAAGTTTGGTTTCTCTGGCTTC
CCAGTTACTGCAATGTTCTAGCGCTTGCACCATC 
3’IMD4 ACT1 
5’ SS (461) 
 
ATCACGAGAGGTGACTAACCCAACTAACTTACCTGGACAC
TTACCGTCTTCTAAACATATAATATAGCAACAAAAAGAATG 
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5’YPL109c pRS 
 
TATCAAACCCTCACAGAATAGAGATAAAGAACATCAGAAC
CATCTGGGCA GCGGCATCAGAGCAGATTG 
 
3’YPL109CpRS 
 
GCGAACACGTGGAAGTCGCAATTATAAAAGATGCATAAAA
AGAAAGAATACTGTGCGGTATTTCACACCG 
 
5’YPL109 cDNA 
 
CAAACCCTCACAGAATAGAGATAAAGAACATCAGAACCAT
CTGGGCAATGTCATTTTTAAAGTTC 
 
3’ YPL109 cDNA 
 
AACACGTGGAAGTCGCAATTATAAAAGATGCATAAAAAGA
AAGAATATTAATAATTAGGACACAA 
 
3’ss Imd4-act1 
 
ATCACGAGAGGTGACTAACCCAACTAACTTACCTGGACAC
TTACCGTCTTGCAAACATATAATATAGCAACAAAAAGAATG 
 
5’IMD4 act 750 TTCTAAATCCGCCACCACCAAGCAATTGCTATGTGGTGCT
GCAATTGGTACTATCGAAGCTGATAAGGAAAGATTAAGAC 
 
3’ IMD4 act 750 TTTGATCATGTTCAATTGGAAAACAGAGTTACCTTGAGAG
GAATCTAAGATAACAACATCCAAACCTGCTTCGACTAATA 
 
5’IMD4 act 950 CATGATCAAATGGATTAAAGAAACTTTCCCAGATTTGGAAA
TCATTGCTGGTAACGTTGCCACCAGAGAACAAGCTGCTA 
 
3’IMD4 act 950 AGCCATAACTTCTTGAGTGATACAAATAGACCCAGAACCC
ATACCAATTCTTAAACCATCGGCACCGGCAGCAATCAAGT 
3’ pRS416-
diagnostic 
CCTAATGCTTCAACTAACTCCAG 
5’ IMD4 Diag CGCATTTTTTCATCTCTTTTTCT 
 
5’ ASC1 Diag GCCGTCTTCGTTATCGCTC 
 
5’ HPC2 Diag AACTGATGCGGTTAATTTTGC 
 
5’ YPL109C CATATCTTCTACCTACTCATCAATATCA 
 
5’ INT diag (Inside 
pRKO) 
GCAGCGAGGAGCCGTAAT 
 
 
C-Terminal Tagging primers 
 
 5’-RNA15-HA-tag 
 
CTATTTGGGACTTAAAACAAAAAGCATTAAGGGGAGAATTT
GGTGCATTTCGGATCCCCGGGTTAATTAA 
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 3’-RNA15-HA-tag 
 
ATCATTGCGGAACCGCATTTTTTTTTTGTATTTTTGCCTCC
CTAGTTTCAGAATTCGAGCTCGTTTAAAC 
 
 5’ -PTA1-HA-tag 
 
 
AAGATGAAGGCTTACACAAGCAGTGCGATTCACTGCTTGA
CAGGCTAAAA CGGATCCCCGGGTTAATTAA 
3’ PTA1-HA-tag TGAAGGAAGACCCTACACATGCGTATATATGATGTATGTA
ATGGTTGTGAGAATTCGAGCTCGTTTAAAC 
5’ NAB3 TAP tag 
 
CTGGCAATAATGTTCAAAGTCTATTAGATAGTTTAGCAAAA
CTACAAAAA TCCATGGAAAAGAGAAG 
3’ NAB3 TAP TAG AGAATTCAAGTATAATGTACAAGAAATGGAAAAGATTGAAA
AAAGGGAGTTACGACTCACTATAGGG 
 
5’Rat1-C-TAP CTCGGAATAACAAGCAAAGTCGGTATGACAATTCAAGAGC
AAATAGGCGTTCCATGGAAAAGAGAAGATG 
3’Rat1-C-TAP AATTTGCGAAAACCTAAATTTACCATAAAATAAAATGCGCA
CGAGTAGTTTAATACGACTCACTATAGGG 
 
RT Primers 
 
cDNA 
 
Oligo dT 
 
TTTTTTTTTTTTTTTTTTTTTTTTT 
18s 
 
GACGGAGTTTCACAAGATTACC 
INO1 A1 GATATCCAGAATTTCAAAGAAGAAAAC 
INO1 A2 TATTCTGCGGTGAACCATTAATATAG 
ASC1 A1 TTGGCTGCTAAGAAGGCTATG 
ASC1 A2 CGGTAGCAGTGGCAGCAG 
INO1 S1 GGCGTTAAGCAACCAAACTAC 
INO1 S2 AGGAAGAGGCTTCACCAAGG 
ASC1 S1 CAGAAAAGCTGATGAATGACTCTG 
ASC1 S2 TTGATGGTTGGAGTTGTGACCG 
INO1 E CAACAATCTCTCTTCGAATCTTAG 
ASC1 E CGGTAGCAGTGGCAGCAG 
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IMD4 A1 TGTTGTCAAGAGCGGATTTG 
IMD4 A2 AATCTGGGAAAGTTTCTTTAATCC 
ASC1 A1 TTGGCTGCTAAGAAGGCTATG 
ASC1 A2 CGGTAGCAGTGGCAGCAG 
APE2 A1 CCAATTGTTCGGTGGCTATT 
APE2 A2 ACAAATCTTGGGGGAGTTAATT 
HPC2 A1 TTTGGATGTTGAAAGCACTGC 
HPC2 A1 CCGTGCTATTTCCACCTTTAT 
YPL109C A1 TTTTCATAAAATACCTATAAG 
YPL109C A1 CTGAAATTTCTAAAAACCT 
18S F GGAATAATAGAATAGGACGTTTGG  
18s R GTTAAGGTCTCGTTCGTTATCG 
 
ChIP Primers 
IMD4 A GCCATATAAATATCAGTTGAGAATCC 
 GTATGTCTTCAAATGTTCTAAAGCC 
IMD4 B AGTTTGGTTTCTCTGGCTTCC 
 GATCACAGTCAGTAGAACGAAAGTT 
IMD4 C AACTTTCGTTCTACTGACTGTGATC 
 CTCAACTTTATGAAGACTGAAGAAAT 
IMD4 D ATTTGATGAAGAATCAAAACTACCC 
 AAATCTGGGAAAGTTTCTTTAATCC 
IMD4 E GAGTAAGCATCCATAGATATTTAAAAG 
 CGAACTGAAAAACGAAAATAAGAA 
ASC1 A GACTGCTCCTTTGGTTTTCC 
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 GGTTGACCAGCAGAAGGAGCC 
ASC1 B GCTTCCATGATTATCTCTGGT 
 CTCGATTGTCATCATATTCTATCA 
ASC1 C CTTCTCTTTATCCGTTATGTCAAAATG 
 TTCTTAGCAGCCAAGTTCCACA 
ASC1 D TTGGCTGCTAAGAAGGCTATG 
 CCAAGCCAAAGAAACAGCAT 
ASC1 E GTTTCTTTGGCTTGGTCTGC 
 GCCAAGGAGACTGAATTTAATG 
 
cDNA primers for TRO and Strand-specific RT PCR: 
Oligo dT TTTTTTTTTTTTTTTTTTTTTTTTT 
18S GACGGAGTTTCACAAGATTACC 
IMD4 UP1 GATTCAAATCATGCTTGGCTC 
ASC1 UP1 ACTGGTAATACTCATCACCATACTTATAT 
APE2 UP1 GCGGCAAGATAGTAAGATAGCA 
 
Upstream antisense RT PCR primers: 
IMD4 UP CGCATTTTTTCATCTCTTTTTC 
 TTTGTTAGGTTTCTTCAAAGCTATG 
ASC1 UP GTGCTTCTCCAGCGAAAGTC 
 CACAATTAAAGGAATAGCCCAA 
APE2 UP TGAACCTTACAGCGCCTT 
 GTCTAAGAGCACATTAGATCGAA 
 
CCC primer: 
IMD4 P1 AGAGTTTTTCACATTAGGGCTGC 
IMD4 T1 CTTATTGAAGTATGTACAGTGGAAATAG 
IMD4 F1 TGGATTACAAAAAGGCTTTAGAAC 
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IMD4 R1 CTTCAGTGACTGTGTCCATAGGAG 
ASC1 P1 AGGAAAACCAAAGGAGCAGTC 
ASC1 T1 TGGCAAGTTATGACTGCTAACTAAG 
ASC1 F1 TTGGCTGCTAAGAAGGCTATG 
ASC1 R1 CGGTAGCAGTGGCAGCAG 
APE2 P1 CAGTTTAGAAGTTTACCAAACC 
APE2 T1 ATTTTGCCTTTTTATATAGTCAAGT 
APE2 F1 ATAATATGGCTGGCTTTTACA 
APE2 R1 TAAGTTGACATTTTAGGGGTC 
YPL109C P1 CTGTGAGGGTTTGATATTGATGAG 
YPL109C T1 TGCATCTTTTATAATTGCGACTTCC 
YPL109C F1 CCTCTTCTCCTATTATACCCCATAT 
YPL109C R1 CGTTACTATGCAATTTACCCAAC 
HPC2 P1 GTTTGAATATGGTCGTGGAGG 
HPC2 T1 GTGTCAGAGATTTTCCAAAATCCC 
HPC2 F1 CCTCTTCCTCCAGTACAAACC 
HPC2 R1 CGGCATTACTATTTTTGTTGC 
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APPENDIX D: MEDIA  
 
YEAST EXTRACT-PEPTONE-DEXTROSE (YPD) medium (1 liter) 
 
INOSITOL DROP-OUT MEDIUM (1 liter) 
Component         Quantity                 Notes 
Ammonium Sulfate 
 
5 g  
Vitamin Stock  1 ml 
 
 Of 1000X stock solution 
Trace Elements Stock 1 ml 
 
 Of 1000X stock solution 
Salt Mix 1.7 g 
 
 
Inositol drop-out amino 
acid Mix 
230 mg 
 
 
Dextrose 20 g  100 ml of 20% stock-add after 
autoclaving 
 
 Trace elements stock (1000X; 100 ml)-FOR INOSITOL DROP-OUT MEDIA 
 Component Quantity                 Notes 
Yeast extract 10 g  
Peptone 20 g  
Dextrose 20 g  100 ml of 20% stock-add after 
autoclaving 
Agar 20 g  For plates only 
NaOH  1 pellet  For plates only 
Component Quantity                    Notes 
 
Boric acid 
 
50mg  Autoclave 
 
 Store in a dark bottle at 4oC 
 
 
 
Copper sulfate 4 mg 
 
Potassium iodide                          10 mg 
 
Ferric chloride 20 mg 
 
Manganese sulfate                       40 mg 
 
Sodium molybdate       
        
20 mg 
 
Zinc sulfate                       40 mg 
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VITAMIN STOCK (1000X; 100 ml)- FOR INOSITOL DROP-OUT MEDIA 
 
 
 
 Salt mix- for inositol drop-out media 
 
 
 Amino acid mix- for inositol drop-out media 
 
 
Component Quantity               Notes 
Biotin  2 mg 
 
 
 Autoclave 
 
 Store in a dark bottle at 4oC 
  
Calcium pantothenate                200 mg 
 
Folic acid                                           0.2 mg 
 
Niacin              40 mg 
 
β-Aminobenzoic acid                    20 mg 
 
Pyridoxine hydrochloride              40 mg 
 
Riboflavin                                           20 mg 
 
Thiamin hydrochloride                  40 mg 
 
Component Quantity  Notes 
 
Potassium phosphate monobasic    85 g  
 
Potassium phosphate dibasic          15 g  
 
Magnesium sulfate                           50 g  
 
Sodium chloride                               10 g  
 
Calcium chloride                              10 g  
 
Component Quantity   Notes 
 
Adenine hemisulfate                     40 mg 
 
  
 
Histidine 20 mg  
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 INOSITOL STOCK (100 X; 100 ml) 
 
Component Quantity                    Notes 
 
Inositol ( for plus inositol medium)      1 g  1 ml/ liter of inositol drop-out 
medium 
 
 
  
  TRYPTON DROP-OUT MEDIUM (1 liter) 
 
Component Quantity 
 
Notes 
Yeast nitrogenous base  6.7 g  without amino acids 
 
Trypton drop-out amino acid mix  1 g  
 
agar 20 g  
 
NaOH 
 
1 pellet  
Dextrose  20 g 
 
 100 ml of 20% stock-add after 
autoclaving 
 
TRYPTON DROP-OUT MIX 
 
Leucine   60 mg  
 
Lysine 30 mg   
 
Methionine     20 mg   
 
Tryptophan   40 mg  
 
Uracil     20 mg  
 
Component Quatity  Notes 
 
Adenine 2.5 g   
 
L-arginine 1.2 g  
 
L- asparatic acid 6.0 g  
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 G418 PLATES (KMX-MEDIUM) -1 liter 
 
 
 2XYT MEDIUM-1 liter 
L- glutamic acid 6.0 g   
 
L-Histidine 1.2 g   
 
L-leucine  3.6 g   
 
L-lysine 1.8 g  
 
L-methionine 1.2 g  
 
L-phenylalanine 3.0 g  
 
L-tyrosine 1.8 g  
 
L-valine 9.0 g  
 
Uracil 1.2 g  
 
Component Quantity 
 
Notes 
Yeast nitrogenous base   10.0 g  without amino acids 
 
peptone  20.0 g  
 
agar 20. 0 g  
 
Dextrose   20 g 
 
 100 ml of 20% stock-add after 
autoclaving 
G418 
 
 1.0 ml  Of 400 mg/ml  
Component Quantity 
 
Notes 
Yeast extract   10.0 g  without amino acids 
 
Tryptone  16.0 g  
 
NaCl 5. 0 g  
 
Agar 
 
20.0 g  For plates only 
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                           APPENDIX E: BUFFERS AND SOLUTIONS 
 
Stock solutions 
Reagent   Molarity/ concentration/   
         percentage 
                    Notes 
 
Tris-HCl- pH 8.0  1.0 M 
 
 Adjust  pH  using HCl 
EDTA  pH 7.0 to 8.0 0.5 M  Adjust pH using  NaOH 
 
NaCl 5.0 M  Autoclave 
 
KCl 2.0M  Autoclave 
 
SDS 10% 
 
 Filter sterilize 
CaCl2 1.0 M  Autoclave 
 
MgCl2 1.0  M  Autoclave 
 
 PEG  (Mw 4000) 
 
50 %  Filter sterilize 
LiOAc 
 
1.0 M  Filter sterilize 
Glycine 2.5 M  Autoclave 
 
Ammounium acetate  
 
7.5 M  Autoclave 
NaOAc pH 5.2 3.0 M  Adjust pH using glacial 
acetic acid 
Glycerol 50 %  Autoclave 
 
Tergitol 10 %  Autoclave 
 
Triton X-100 10 %  Filter sterilize 
 
LiCl 5.0 M 
 
 Autoclave 
 
HEPES pH 7.9 1.0 M  Adjust the pH using KOH 
 Filter sterilize 
Sodium deoxycholate 10%  Filter sterilize 
 
KOH 10.0 M 
 
 
 Autoclave 
 
Dextrose 20 %  Autoclave 
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  Agarose gel electrophoresis buffer (1X TAE) 
Component Concentration Notes 
 
Tris-acetate 40 mM  Autoclave 
 
0.5 M EDTA pH 8.0 1 mM EDTA  Autoclave 
 
 
 Solutions for yeast genomic DNA extraction 
  
Solutions FOR LiOAc/DMSO yeast transformation 
 
PMSF 100 mM 
 
 Don’t autoclave 
 Keep at 4oC 
Glycogen 20 mg/ ml  Filter sterilize 
 
DTT 1.0 M  Filter sterilize 
 
Ethidium  bromide 10.0 mg / ml  Don’t autoclave 
 Keep at 4oC 
Ammonium acetate 7.5 M  Autoclave  
 
TE 10X 
 
 100 mM Tris.HCl pH 8.0 
 10 mM EDTA 
TAE 
 
50 X  2.0 M Tris-acetate 
 50 mM EDTA 
TBS 
 
10X  100 mM Tris-HCl pH 8 
 2M NaCl 
Reagent Composition                  Notes 
Lysis buffer 2% Triton X-100 
100 mM NaCl 
10 mM Tris-HCl pH 8.0 
10 mM EDTA 
1% SDS 
 
  Reagent Composition                  Notes 
LiAOAc buffer 0.1 M LiAOAc 
10 mM Tris-HCl(pH=8.0) 
1 mM EDTA 
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Solutions for plasmid miniprep 
 
Yeast cell wash  
 
CHROMATIN IMMUNOPRECIPITATION (ChIP) buffers and solutions 
 FA-LYSIS BUFFER   
PEG solution 50 % w/v PEG (M.W. = 
4000) 
0.1 LiAOAc  
10 mM Tris-HCl (pH=8.0) 
1 mM EDTA 
Filter sterilize  
DMSO 100 %  
Solution Composition               Notes 
Solution I 50 mM Dex 
10 mM EDTA 
25 mM Tris-HCl pH 8.0  
 
Solution II 
  
0.1 N NaOH 
1% SDS 
 
Solution III  
 
 
30 ml 5M KOAc  
5.75 ml glacial HOAc 
14.25 ml H2O 
 Store at – 20 oC 
component Concentration               Notes 
Wash buffer I 1X  TBS  Autoclave 
Wash buffer II  1XTBS 
1%  Triton X-100 
 Autoclave 
Reagent Concentration Notes 
 
HEPES-KOH pH 7.9 50 mM 
 
 
 Store at -20 oC 
 
 
 
 
 
NaCl 
 
140 mM 
EDTA 
 
1 mM 
Triton X-100 
 
1 % 
Sodium Deoxycholate 
 
0.1 % 
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FA-LYSIS BUFFER + 500 mM NaCl  
Reagent Stock 
Concentration 
Volume added 
HEPES-KOH pH 7.9- 8.0 
 
50 mM  
 Store at - 20 
 
  
       
 
 
 
 
NaCl 
 
500 mM 
EDTA pH 8.0  
 
1 mM 
Triton X-100 
 
1 % 
Sodium Deoxycholate 
 
0.1 % 
PMSF 
 
1 mM 
SDS 
 
0.07 % 
 
ChIP wash buffer  
             Reagent 
 
Concentration Notes 
Tris-HCl pH 7.5 to 8 
 
10 mM  Store at -20 oC 
LiCl 
 
250 mM 
Triton X-100 
 
0.5 % 
EDTA pH 8.0 
 
1 mM 
Sodium Deoxycholate 
 
0.5 % 
SDS 
 
0.1 % 
 
ChIP elution buffer  
PMSF 
 
1 mM 
SDS 
 
0.07 % 
Reagent Concentration Notes 
 
 
Tris-HCl pH 7.5 to 8.0  50 mM 
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REVRESE TRANSCRIPTION PCR (RT-PCR): buffers and solutions 
high te buffer 
Reagent Concentration Notes 
Tris-HCl pH 7.5 50 mM  Store at RT 
 
EDTA  20 mM  
 
Trizol Sigma  
 
 
RNA-LYSIS BUFFER 
 
 
CHROMOSOME CONFORMATION CAPTURE solution 
 
TM BUFFER 
 
TRANSCRIPTION RUN-ON ASSAY solutions and buffers 
  Store at room temperature 
SDS 1 % 
  
 
EDTA pH 8.0 
 
10 mM 
Reagent Concentration Notes 
 
Tris-HCl pH 8.0 
 
80 mM  
CaCl2  
 
10 mM  
β-mercatoethanol 
 
10 mM  
VCR (Shake well) 
 
10 mM  
Component Concentration Notes 
 
Tris HCl pH 7.5- 8.0 
 
10 mM  
MgCl 2 
 
5 mM  
Reagent Composition Notes 
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TMN Buffer 
10 mM Tris-HCl pH 7.5, 5 mM 
MgCl2, 100 mM NaCl 
 Prepare fresh 
Sarkosyl 10% 
 
 
Run-on reaction 
buffer 
 
50 mM Tris-HCl pH 7.5, 100 mM 
KCl, 10 mM MgCl2, 2 mM DTT, 
0.75mM ATP, CTP, GTP and Brd-
cocktail NEB 
 
Trizol 
 
Sigma 
 
 
Binding buffer 
 
0.25x SSPE buffer, 1mM EDTA, 
0.05% Tween20, 37.5 mM NaC 
 
 
Blocking buffer 
485 µl binding buffer, 5 µl of 10% 
polyvinylpyrolidone, 10 µl of 
Ultrapure BSA, Sigma 
 
Low salt buffer 
0.2x SSPE, 1 mM EDTA, 0.05% 
Tween2080 mM MgCl2 
 
High salt buffer 
 
0.25x SSPE, 1 mM EDTA, 0.05% 
tween20, 100 mM NaCl 
 
TET buffer 1x TE buffer, 0.05% tween20  
Elution buffer 
 
20 mM DTT, 150 mM NaCl, 50 
mM Tris-HCl ph 7.5, 1 mM EDTA, 
0.1% SDS  
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It is now quite evident that the introns, which are removed from the primary 
transcript by the process of splicing, are involved in a variety of important functions in 
eukaryotic cells. One of the evolutionarily conserved functions of introns is their role in 
regulating transcription of genes that harbors them. This effect of a splicing-competent 
intron on transcription is known as ‘Intron-Mediated Enhancement of transcription’ (IME). 
It has been observed that the intron-containing genes are often transcribed more 
efficiently than non-intronic genes. However, the molecular mechanism underlying IME in 
budding yeast and higher eukaryotes is not entirely clear, and that forms the basis of my 
thesis. To address this issue, I have organized my research project into three specific 
aims. The primary objective of the first aim was to investigate the mechanism of 
enhancement of transcription by an intron. I found that the intron-mediated enhancement 
in budding yeast is dependent on the gene assuming a unique architecture called gene 
loop. In the second aim, I explored the molecular basis underlying enhancement of 
transcription by the intron-facilitated gene loop. In the third aim, I determined the effect of 
position of an intron within a gene on its transcription regulatory potential.  
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In the first aim, I randomly selected six genes and compared their transcription in 
the presence and absence of an intron by strand-specific TRO approach. I observed a 
sharp decline in transcription in the absence of intron. Furthermore, I found that the gene 
assumed a looped conformation in the presence of an intron. Intron-dependent gene loop 
was stabilized by three types of interactions; the promoter-terminator, the promoter-5’ 
splice site and the terminator-3ꞌ splice site interactions. More importantly, I found that the 
intron-dependent enhancement was completely dependent on gene looping as no 
enhancement of transcription by an intron was observed in the looping defective mutant.  
In the second aim, I investigated how the intron-mediated gene looping regulates 
transcription. My hypothesis was that intron-mediated gene looping confers directionality, 
and thereby enhances transcription. During initiation of transcription, the promoter-bound 
RNAP II has a tendency to transcribe both the downstream coding region in sense 
direction producing mRNA, as well as the upstream non-coding region in the anti-sense 
direction producing uaRNA (upstream-antisense RNA). However, there are certain 
checkpoints in the cell that allows the selective transcription in the sense direction over 
anti-sense direction, hence maintaining promoter directionality. My results reveal that the 
intron-dependent gene looping facilitates the recruitment of termination factors in the 
promoter-proximal region. These termination factors then selectively terminates the 
uaRNA synthesis, and hence confers directionality.  
My last aim was to see the effect of position of an intron within a gene on 
transcription of the gene. The generally accepted view is that the intron should be present 
close to the 5ꞌ end of the gene to bring about enhancement of transcription. Whether the 
presence of intron near the 3ꞌ end of the gene results in enhancement of transcription in 
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yeast was unclear. To address the issue, I inserted the intron in the intron-less version of 
IMD4 gene at three positions, and showed that even the terminator-proximal intron can 
enhance transcription. Till now my results have shown that the terminal-proximal intron 
also enhances transcription in a way similar to the promoter-proximal intron, that is, by 
conferring promoter directionality.  
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